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ABSTRACT

This research investigated emissions of formaldehyde, acetaldehyde, carbon
monoxide, and hydrocarbons from a small utility engine fueled with mixtures of gasoline,
ethanol, and methanol. Measurements made for each fuel mixture, with and without a
catalyst, allowed a qualitative evaluation of the catalyst effect on the aforementioned
pollutants. California Air Resources Board small utility engine regulations motivated this
research.

The engine was loaded by an electrical generator with output of approximately
1000 watts to simulate actual operating conditions. Operation occurred at steady state
conditions with a fixed air/fuel ratio.

Alcohol addition reduced emissions of carbon monoxide (CO) and total
hydrocarbons (THC) from gasoline only levels. Adding a 50% volume of ethanol to the
fuel, CO and THC emissions decreased 75% and 50% respectively. Adding 50% methanol
reduced CO and THC 95% and 60% respectively.

Qualitatively, no catalytic control of CO or THC was demonstrated with any of the
fuels used. However, a lack of replicates prevented quantification of catalyst results.

Both formaldehyde and acetaldehyde emissions increased with the addition of
ethanol. Addition of 50% ethanol resulted in an increase of at least 600% in acetaldehyde
emissions. Methanol addition increased formaldehyde emissions, but correlation of
emissions with alcohol content was not possible. Acetaldehyde emissions appeared to
decrease with increasing methanol content after an initial increase from the gasoline only
values.

No catalytic oxidation of formaldehyde was demonstrated, but acetaldehyde

emissions may have been decreased by the catalyst when employing 50% ethanol fuel.
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I. INTRODUCTION

The establishment in California, of new emissions standards for small utility
engines, motivated this research. The California Air Resources Board (CARB)
promulgated regulations to reduce the exhaust emissions of small utility engines. The
class of small utility engines includes engines on hand held and non-hand held devices, not
intended for on road vehicle use. These devices include, but are not limited to, lawn
mowers and other lawn and garden equipment, chain saws, portable generators, and other
two and four-cycle internal combustion (IC) engine powered products. Not included are
off road motorcycles and recreational vehicles, that are covered by other regulations. The
regulations deal with emissions of carbon monoxide (CO), oxides of nitrogen (NOy), and
total hydrocarbons (THC), and take effect in two phases. The less stringent emissions
standards of 1994 may be met by engines using current small engine technology and
mixture enleanment. Mixture enleanment is the term used for operating engines with high
air/fuel ratios to provide additional oxygen which allows more complete combustion. The
more stringent 1999 emissions standards may, and probably will, require the use of
catalytic converters and other emission control techniques. (CARB, 1990) Table I
presents CARB emission standards applicable to the engine under study. The 1999
standards do not apply to specific size engines, but whether or not the devices they
operate are handheld. Handheld for the purposes of these regulations means that the

operator of the device fully supports the weight of the device.



Table I - CARB Utility Engine Emission Standards for Total Hydrocarbons, Oxides of

Nitrogen, and Carbon Monoxide

THC + NOy CO

Engine Displacement/Class  Year Effective (g/kW-hr) (g/kW-hr)
<225 cc 1994 16.1 402
>225cc 1994 13.4 335
Non-hand held equip't 1999 | 43 134

Total Hydrocarbons (THC), Oxides of Nitrogen (NOy), and Carbon Monoxide(CO)
Specific Emissions Based on Engine Brake Horsepower (BHP) Using SAE J1088

Procedure

Adapted from California Air Resources Board "California Exhaust Emission Standards
and Test Procedures for 1991 and Subsequent Model Year Utility and Lawn and Garden

Equipment Engines"



Pollutant emissions from small, gasoline powered utility engines contribute greatly
to total air pollution in California as well as other areas of the country. It was estimated
that utility engine emissions of hydrocarbons and carbon monoxide were equivalent to five
percent and four percent respectively of mobile source emissions of these pollutants
statewide (CARB, 1990). This was roughly equivalent to an additional 3.5 million 1991
automobiles driven 16,000 miles each. Catalytic control of pollutants from these engines
has been suggested, and previous use of catalysts demonstrated success in reducing carbon
monoxide and hydrocarbon emissions. This thesis evaluated the usefulness of
gasoline/alcohol fuel mixtures and catalytic control on such engines to reduce emissions of
formaldehyde, acetaldehyde, total hydrocarbons and carbon monoxide.

Previous studies determined emissions from small utility engines, and investigated
the effects of gasoline/alcohol fuel mixtures on aldehyde emissions. This thesis focuses,
for what appears to be the first time, on emissions and control of aldehydes from a small
utility engine, and the effects of gasoline/alcohol fuel blends on catalytic control efficiency.

Alcohol fuel additives were used for fuel oxygenation in the past, and continue to
be used in the present. Fuel oxygenation is the process of adding oxygen containing
compounds to a fuel to improve combustion characteristics. Alcohols such as ethanol and
methanol are renewable fuels which are readily available, and reasonably inexpensive.
These factors make the general use of alcohol fuel additives for emissions control
attractive to anyone operating small utility engines.

Gasoline/alcohol fuel mixtures are commonly designated by the volume percentage
of alcohol in the mixture. As an example, a common gasoline/methanol fuel blend made
up of 85% methanol and 15% gasoline is designated M85. This research evaluated
emissions generated from the combustion of the fuel mixtures listed below:

1. Gasoline with no added alcohol



2. Methanol mixtures from 10 to 50%: M10, M25, and M50

3. Ethanol mixtures from 10 to 50%: E10, E25, and E50
Fuel methanol can be used in higher concentration than those evaluated here. However,
because of methanol’s corrosive tendencies, engines using those fuels must be specially
prepared. Therefore, this study was limited to the concentrations listed above.

Exhaust constituents characterized before and after the catalytic converter, for
each fuel mixture, were carbon monoxide (CO), carbon dioxide (CO»), oxygen (O5), total
hydrocarbons (THC) as carbon, formaldehyde, and acetaldehyde. Although specific
emissions from utility engines are typically expressed in terms of engine brake horsepower
(BHP), the use of generator power output is conservative, in that this power will be about
5% less than BHP. Emissions were measured at a power rating expected under normal
operating conditions, and while operating at a fixed air/fuel ratio.

The objectives of this research were to determine:

« the effect of ethanol and methanol fuel addition on the emissions of carbon
monoxide and total hydrocarbons from a small utility engine,

- the effect of ethanol and methanol fuel addition on the emissions of
formaldehyde and acetaldehyde from a small utility engine,

« the effectiveness of a catalytic converter on control of carbon monoxide,
total hydrocarbons, formaldehyde, and acetaldehyde, and

- the correlation between fuel alcohol content and catalytic converter
efficiency.

Although it was desirable to determine whether the emission control techniques
investigated in this research would generate compliance with the 1999 CARB standards,
differences in testing methods did not allow this comparison. These differences are

pointed out in the discussion of testing methods.



II. LITERATURE REVIEW

Basic Engine Measurements

Measurement of basic engine operating parameters was used to determine whether
the engine operated as expected, based on manufacturer specifications and accepted
parameters for gasoline engine operation. Measurement of air and fuel rates into the
engine allowed calculation of the air/fuel ratio, an important combustion parameter. These
measurements also allowed the exhaust flow rate to be estimated. In order to measure air
flow into a small engine such as the one under study, flow pulsations at the intake had to
be damped out. Taylor (Taylor, 1968) described the use of dampening chambers to
reduce these flow pulsations and discussed the sizing of these chambers. Other small
engine test facilities found in the literature (Donohue ef al., 1972, Hare and White, 1991)
also employed dampening chambers. Three researchers (Donohue ef al., 1972, Hare et
al., 1973, Taylor, 1968) presented various methods of measuring the intake air flow rate.
Donohue et al. and Hare et al. referred to the use of laminar flow meters, while Taylor
recommended the use of a calibrated orifice. Pitot tubes can also be used. Although
sophisticated electronic flow meters can be used to measure fuel rates, Taylor and Hare e?
al. presented a less expensive burette and timer method for making this measurement. A
method for estimating engine air/fuel ratios from exhaust gas analyses (Spindt, 1965) was

consulted for use in this research.

Standard Emissions Measurements

Common pollutants emitted from IC engines included carbon monoxide and
hydrocarbons. As carbon monoxide is considered a priority pollutant with specific
ambient standards, control of this pollutant is important. Hydrocarbons emitted into the
atmosphere react with oxides of nitrogen in the presence of sunlight to form

photochemical smog or ozone pollution. As this pollutant is prevalent in California and



other highly urbanized areas, control of hydrocarbon emissions is also important. Table II
below presents typical values for CO and THC emissions from gasoline fueled, single
cylinder, four-cycle small engines found in the literature. Also presented are EPA
emission factors developed from studies of many different classes of stationary, industrial,
gasoline powered IC engines.

The SAE Modal Testing Method J1088 can be used to collect and analyze
emissions from small engines (Donohue ez al., 1972, Hare et al., 1973). With J1088,
modal testing is performed wherein the engine is operated at various loads while the
air/fuel ratio is varied. Donohue ef al. performed a version of modal testing in which the
engines were run at three power levels with three air/fuel ratios: fuel lean, manufacturer
recommended, and fuel rich. Collected samples included combined emissions from all
these modes. Donohue ef al. recommended that future testing be performed at the
manufacturer recommended carburetor setting. Other researchers (Hare ez al., 1973, Hare
and White, 1991) justified alternative testing methods for small engines as well.

Determination of CO and CO» in combustion exhaust using non-dispersive
infrared (NDIR) methods dated back to 1965 (Donohue e? al., 1972, Hare et al., 1973,
Spindt, 1965). The polarograph (Donohue et al., 1972), electrochemical methods (Hare
et al., 1973), and a paramagnetic analyzer (Spindt, 1965) determined oxygen
concentration. The same researchers (Donohue et al., 1972, Hare et al., 1973, Spindt,

1965) used a flame 1onization detector (FID) to measure total hydrocarbons.
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Due to the oxygen content of alcohols, decreased emissions of CO are expected
with increasing alcohol content. Automobiles operating with methanol fuel blends
demonstrated this behavior (Williams ez a/., 1990). Although his results varied, Williams
demonstrated a decrease in CO emissions up to 50% using gasoline fuel with 85%
methanol added. The same research showed that hydrocarbon emission rates also
decreased with increasing fuel methanol content for automobiles (Williams ez al., 1990).
Hydrocarbon emissions decreased 78% with the addition of 85% methanol to the fuel.
Likewise, small engines operating with ethanol added to the fuel emit less CO and
hydrocarbons (Hare and White, 1991). Although the fuel concentration of ethanol was
not specified, this reference used a "reformulated" gasoline containing ethanol for one
study. Most ethanol enhanced gasoline mixtures include 10% ethanol. Carbon monoxide
emissions decreased approximately 10% (from 480 g/kW-hr to 433 g/kW-hr), while non-
methane hydrocarbon emissions decreased 20% (from 21.5 g/kW-hr to 17.2 g/kW-hr).

Aldehyde Emissions Measurements

When alcohol is combusted as a fuel, aldehyde byproducts result. These aldehydes
can be ozone formers, irritants, or carcinogens. Although chronic exposure studies of
aldehyde effects on humans is lacking, exposure to formaldehyde at levels less than 1 ppm
were shown to cause irritation to the eyes, throat, and respiratory system (National
Research Council, 1976). The American Conference of Governmental Industrial
Hygienists has listed formaldehyde as a known or suspected human carcinogen (ACGIH,
1991). Acetaldehyde produced irritation similar to formaldehyde when concentrations
exceeded 200 ppm (National Research Council, 1976). For gasoline combustion
formaldehyde and acetaldehyde constitute 75 - 80% of all aldehyde emissions (National
Research Council, 1976). These factors make investigation of formaldehyde and

acetaldehyde emissions important.



It was expected that alcohol combustion would result in an increase of emissions
of the aldehyde oxidation product of the alcohol being combusted. Ethanol combustion
would produce écetaldehyde while methanol combustion would result in increased
formaldehyde emissions. The literature results bore these ideas out. Table III shows small
engine aldehyde emissions from one reference and EPA emission factors. Formaldehyde
emissions increased four fold when 85% methanol fuel was used in automobile studies
(Williams ef al., 1990). This phenomenon was accompanied by a 19% decrease in
acetaldehyde emissions to almost zero for 100% methanol fuel. Small engines using
ethanol enhanced fuel showed increased acetaldehyde emissions (Hare and White, 1991).
Acetaldehyde emissions increased slightly over 200% with the ethanol enhanced,
reformulated gasoline. Again, no fuel fraction was supplied for the added ethanol.

Although one reference mentioned the use of wet chemical methods for the
quantification of aldehydes (Hare ez al., 1973), most of the reviewed literature indicated
the use of some variation of EPA Method TO-5 for aldehydes in ambient air (Hare and
White, 1991, Williams ef al., 1990). This research used a newer method, EPA Method
IP-6A, for evaluation of aldehyde emissions (US EPA, 1989). Both EPA methods use
dinitrophenylhydrazine (DNPH) in some form to react with the aldehydes for later
quantification through high performance liquid chromatography (HPLC). These methods
would be expected to be more accurate than the wet chemical method. Additionally, EPA
method IP-6A should be somewhat more robust as it uses laboratory prepared DNPH
cartridges rather than DNPH solution filled impingers like TO-5. The use of these

cartridges makes sampling and subsequent analyses simpler, quicker, and less error prone.
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Catalytic Converter Utilization

A catalytic converter is a device used to control emissions from combustion and
process sources. A catalyst material (usually a combination of noble metals such as
platinum, palladium, and rhodium) is plated onto a substrate material for support in the
exhaust stream. Platinum and palladium are used for control of carbon monoxide (CO)
and hydrocarbons (HC) while rhodium is used in so called three-way catalysts for control
of oxides of nitrogen (NOy). Control of these pollutants is accomplished through
chemical oxidation in the case of CO and HC and chemical reduction in the case of NOy.
Precise control of combustion air/fuel ratios is required for NOy control. Converter
substrates are typically of honeycomb or pellet type. Honeycomb substrates are preferred
for use for internal combustion engines due to their reliability and performance
characteristics (Kummer, 1981). These substrates can be made of metal or ceramic
material with metal substrates producing lower pressure drops, 65% less for flows of 250
m3/hr (Swiatek et al., 1989).

Although the catalyst material is not consumed in the reactions it promotes, the
thinly deposited material is eventually eroded from the substrate and the catalyst assembly
must be replaced. In addition, certain components of fuels (lead for instance) can "poison"
or deactivate the catalyst material. This severely shortens the life of the catalytic converter
which results in the need for premature replacement. Overheating caused by unburned
air/fuel mixtures in the catalyst can also cause damage (Kummer, 1981).

Production of secondary pollutants such as sulfuric acid or hydrogen sulfide can be
a result of catalyst usage. Sulfuric acid is produced when sulfur dioxide from fuel sulfur is
oxidized to sulfur trioxide (SO3) in the oxidation catalyst. The SO3 then reacts with

water at ambient temperatures to form sulfuric acid aerosols. Hydrogen sulfide is
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three-way catalysts. This occurs when sulfur dioxide from fuel sulfur is reduced in the
catalyst to form hydrogen sulfide.

A reference discussing catalyst effects on speciated hydrocarbons (McCabe et al.,
1992) indicated various catalytic converter efficiencies for different types of hydrocarbons.
Efficiencies of from 57 - 79% were reported for saturated hydrocarbons while higher
efficiencies, 84 - 92%, were reported for unsaturated and aromatic compounds.
Oxygenates and aldehydes were oxidized with efficiencies ranging from 77 - 100%. These
efficiencies were observed from combustion of single component fuels (e.g. isooctane and
n-heptane) in a pulse flame combustor.

One reference (Swiatek, ef al., 1989) demonstrated that catalytic converters were
effective in controlling CO, THC, and NOy, emissions from small engines. Swiatek
studied the effect of catalytic conversion on a single cylinder, 242cc, 4-cycle engine
connected to a 3.0kW Honda generator. Catalyst efficiencies exceeded 90% for
hydrocarbons and carbon monoxide. However, this effectiveness depended on high
secondary air flow rates (up to 5000 L/hr) introduced into the catalyst. This study found
some increase in THC emissions with the catalyst installed and no secondary air flow.
Increased back pressure on the exhaust system, and a subsequent change in the engine
air/fuel ratio served as a possible explanation for this result.

Kummer discussed pollutant formation (Kummer, 1981), and also discussed
temperatures and residence times required for catalytic oxidation. He pointed out that
catalytic oxidation of CO and hydrocarbons can take place at temperatures as low as
2500C. This oxidation requires sufficient excess oxygen from secondary air, or engine
operation at lean air/fuel ratios. Space velocities of 20,000 - 100,000/hr appear in
Kummer's work. The catalyst space velocity is a measure of the gas residence time in the

catalyst, and plays an important role in the amount of pollutant oxidized in the catalyst.
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Most automotive oxidation catalysts use platinum and palladium mixtures. These
mixtures allow more effective pollutant control, as palladium is more active in the
oxidation of CO, olefins (alkenes), and methane, while platinum more actively promotes
the oxidation of paraffins (alkanes) with three or more carbons. The two noble metals
exhibit similar activity with respect to aromatic oxidation. Kummer presented an
expression for the CO oxidation rate which showed CO and olefin oxidation inhibition at
high CO and olefin partial pressures. Although no specification of "high" partial pressures
was made, Kummer points out that the CO oxidation rate is a maximum for 0.05% CO at
4000C. Additionally, these oxidation rates showed inhibition in the presence of NO in the
0-1000 ppm range. The paraffin oxidation rate "...varies with the first power of the
hydrocarbon partial pressure, is inhibited by CO, olefins, and NO, and increases as the O7

partial pressure is decreased to near stoichiometric values." (Kummer, 1981)
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II1. METHODS AND MATERIALS

Experimental Design

Since this research sought to quantify emissions of formaldehyde, acetaldehyde,
carbon monoxide, and total hydrocarbons, methods of sampling and analyzing for these
pollutants were important. Additionally, as the evaluation of the effects of alcohol fuel
addition was also desired, a decision had to be made concerning the amount and types of
alcohols added to the fuels. After reviewing the literature and evaluating available
resources, a plan was established.

Three factors made the selection of ethanol and methanol fuel additives simple: (1)
these alcohols are readily available for general fuel use, (2) these alcohols have been
successfully used as fuel additives in the past, and are currently being used as fuel
additives and primary fuels, and (3) literature relating to the use of these alcohols as fuels,
and the emissions characteristics associated with their use was available. The previous
section contains citations of much of this literature.

It is important in any research effort to insure that representative samples be
obtained in sufficient quantity to allow credible conclusions to be drawn. This necessity
must be balanced against available resources such as time, money, and the availability of
analytical equipment. Difficulties arose in obtaining multiple samples for each operating
condition, due to the large number of conditions under which the emissions from this small
utility engine had to be evaluated, and the cost for some of the analyses.

For determination of typical pollutants such as carbon monoxide, and total
hydrocarbons, two samples at each condition were collected in 12 liter (L) Tedlar® bags.
Since sample collection took place over time periods approaching 20 min, these samples
should be representative of the average engine operation. Additionally, the large sample

size allowed multiple (up to 3) determinations of pollutant concentrations from each
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sample. Non-dispersive infrared and paramagnetic analyzers, and a flame ionization
detector belonging to the Mechanical Engineering department facilitated the analysis of
these samples.

The sampling pump of a Teledyne Max 5 combustion analyzer (Teledyne
Analytical Instruments, City of Industry, CA) allowed for sample collection. A rotameter
attached to the analyzer allowed for measurement of the sampling rate, after the rotameter
was calibrated with a GCA/Precision Scientific wet test meter. Only the pump and
rotameter of this instrument were used in this project.

Some analytical methods for aldehydes in the exhaust gas might have proved
difficult. The original method considered, EPA TO-5 (US EPA, 1984), involved the use
of acidified DNPH in liquid filled impingers. This method could have been messy and
unreliable, given the nature of the compounds involved and the sensitivity of the method
to contamination. A newer method used cartridges of silica gel, coated with acidified
DNPH, and was a vast improvement over the older method. In addition, the availability of
professionally prepared cartridges made the decision to adopt EPA Method IP-6A an easy
one. However, the cost of the Waters Sep-Pak® cartridges prohibited more than two
aldehyde samples for each operating condition. These two samples allowed some idea of
the range of results to be determined.

During experimentation, it was not always possible to measure all engine operating
parameters simultaneously. Some experiments yielded certain results, other experiments
others. In order to evaluate the results of particular experiments in the context in which
they were conducted, Table D.I in Appendix D presents a listing of all experiments
conducted, engine operating conditions, and measurements and samples taken. All

experiments conducted utilized the high load setting, and sampling rates were recorded.
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Engine Test Setup

Evaluated in this research was a Honda, 107 cc (cubic centimeter), four-cycle
gasoline fueled engine. The engine had overhead valves and was attached to a 1400 W
peak power electrical generator. Being previously used, the oil and spark plug were
changed prior to this research. Figure 1 shows a schematic of the engine test system. Air
entered the laminar flow meter which was mounted on the intake dampener. Air then
entered the carburetor and was mixed with fuel from either the fuel tank or the burette.
Measurements from a digital volt }meter (DVM) and clamp on ammeter allowed
calculation of power consumed by the load. The optional catalytic converter could be
installed in the 3/4" exhaust system pipe as desired. The exhaust entered the exhaust
dampener and exited through the muffler. The sampling probe of the Max 5 was inserted
in the exhaust system downstream of the exhaust dampener. A Waters Sep-Pak®
cartridge inserted between the sampling probe and the sampling pump captured aldehydes
from the exhaust gas. The exhaust sample then flowed through the rotameter. When
sampling for standard emissions (carbon monoxide and total hydrocarbons), the Sep-Pak®
cartridge was omitted. A tube of indicating Drierite placed between the sampling probe
and pump removed water from the sample stream. Finally, the exhaust sample was
collected in the Tedlar® bag. These samples typically remained at room temperature
overnight (several hours at most) before being analyzed.

A commercial Pilot Oil station supplied the gasoline for this research. The rated
octane of the gasoline was 89 and no alcohol was added by the refiner. The Virginia Tech
Chemistry Department stores provided the alcohols and acetonitrile used. The Fisher
methanol was bulk, pumped, ACS reagent grade; the ethanol was Aaper 200 proof and the

acetonitrile was Fisher HPLC grade.
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Basic Engine Measurements

A General Radio 1531-AB Strobotac® stroboscope provided means to measure
the engine speed. Calibration employed the 60 Hz frequency from line power to calibrate
a frequency of 3600 Hz on the stroboscope. The stroboscope flashes illuminated part of
the rotating crankshaft, and the frequency was adjusted to determine the speed of the
engine. The stroboscope was calibrated before each use.

Using pure gasoline, the fuel rate into the engine was measured using a burette.
The initial measurement of the fuel in the burette was recorded before switching the fuel
feed to the burette. The engine consumed the fuel from the burette for a measured time
and the final burette measurement was recorded. The difference in burette readings and
the measured time interval gave the volume rate of fuel into the engine. The volume rate
and known density of the fuel allowed determination of the fuel mass rate. The fuel
density was determined by weighing a known volume of the fuel. It was not possible to
measure volumetric rate of the gasoline/alcohol mixtures, as the fuel caused the plastic
burette to become brittle and crumble. Some other types of plastics may be resistant to
these fuel mixtures, but were unavailable. Additionally, a glass burette was not used for
this purpose, out of concern for possible injury in the event of fuel exploding in the
burette. As a result, it was assumed that the volume rate for each fuel was the same, and
the mass rate was computed from the fuel density. The volume proportions and densities
of the fuel components allowed calculation of the densities of the fuel mixtures. The fuel
consumption rate was controlled by a governor attached to the generator, keeping the rate
constant for a given power setting.

The laminar flow meter designed for this study measured the volume rate of the

engine intake air. Figure 2 shows a schematic of the laminar flow meter.
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The laminar flow meter was made from a large hollow aluminum cylinder and uncoated,
ceramic, catalytic converter elements. The flow through the element was laminar due to
the small size of the honeycomb, and as a result, the pressure drop across the element is
proportional to the volume flow rate through the element. This type of flow regime is
known as Poiseuille flow. The laminar flow meter calibration occurred using a vendor
calibrated, Meriam laminar flow meter with a pressure drop of eight inches of water

(in H7O) per 100 cubic feet per minute (cfm). The laminar flow meter was installed in
series with the Meriam meter and pressure drops for several flow rates were recorded.
Table A-I in Appendix A contains the data plotted on the calibration curve shown in

Figure 3.
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Measurement of the intake flow rate required the installation of flow dampening
chambers on the intake and exhaust of the engine, due to the pulsating flow present at
these ports. Taylor stated that the minimum size for these dampening chambers should
fifty times the cylinder displacement (Taylor 1968). Thus for this 107 cc engine, the
required dampening chamber volume was 5.4 L. An 18.9 L plastic carboy served as the
intake dampening chamber. The exhaust dampening chamber was made from a sealed,
metal desiccator of approximately 6.3 L.

The load applied to the generator consisted of a small portable hair dryer with high
and low power settings. The high power setting simulated an actual operating load level.
A Micronta digital multimeter and clamp-on ammeter measured generator output voltage
and load current respectively. These electronic meters did not require calibration,
however the ammeter was manually zeroed before measurement. The power factor of the
load was not known, so treating the load as purely resistive, with a power factor of 1.0,
the generator power was calculated as the product of the measured voltage and current.

Fuel mixtures were prepared by measuring appropriate volumes of gasoline and
alcohol using a graduated cylinder. Mixing of the fuel components occurred just before
their introduction into the fuel tank.

Allied-Signal supplied a platinum catalyst which was installed in the engine exhaust
system. The catalyst measured 2.5 in. long by 1.5 in. in diameter, with 400 cells per
square inch. This catalyst was similar to prototype catalysts supplied to the small engine
industry and was chosen because of its availability and characteristics representative of
small engine catalysts. Additional specific information was not available due to the
proprietary nature of this product. Figure 4 shows the catalyst element mounted in a
2.5in. long x 1.5 in. diameter pipe. The pipe required machining to allow the installation

of a 3M insulating material called Interam™. The Interam™ served to hold the catalyst in
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place. Transition pipe fittings allowed connection of the catalytic converter to the 3/4 in.

exhaust system.
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Standard Emissions Measurements

Standard emissions measurements included quantification of carbon monoxide and
total hydrocarbon specific emissions, as well as determination of exhaust carbon dioxide
and oxygen concentrations. As mentioned previously, the SAE Modal Method J1088
describes collection and analysis of engine emissions while operating the engine at
different power output levels, while varying the intake air/fuel ratio. While this method
may be applicable to automobile testing, it was not necessarily applicable to the small
engine studied in this research. This engine operated at a fixed air/fuel ratio, governed by
the generator power output. As a result, no attempt was made to fully conform to the
J1088 method.

The Max 5 pump provided for extraction of samples of exhaust gas. A rotameter
installed on the Max 5 measured the sample flow rate which was controlled by a valve on
the rotameter. A GCA/Precision Scientific wet test meter served as the standard for
calibrating the rotameter. Calibration of the rotameter was performed twice during the
research, once using the wet test meter and once using a direct displacement method.
Figure 5 shows the calibration curve for the rotameter, generated by the data in Table A1l
in Appendix A. The least squares fit of these data is also shown in the figure. The wet
test meter data agreed well with those obtained by the direct displacement method. Table
A Il in Appendix A contains the direct displacement calibration data.

A tube containing indicating Drierite removed water from the exhaust gas samples
before collection in the 12 L Tedlar® bags. The change in the weight of the Drierite tube
was used to determine the amount of water removed during sampling. Some sample
collection resuited in water condensing in the sampling train prior to the Drierite tube or
Sep-Pak® cartridge. This caused the measured amount of water to be less than the

amount actually in the sample.
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A Horiba (Irvine, CA) Model FIA 22A flame ionization detector (FID) provided
the means for determining the total hydrocarbons in the bagged gas samples. The FID
output was connected to a digital multimeter (DMM) and a strip chart recorder. The strip
chart recorder continuously recorded the voltage response, while the DMM displayed a
numerical value. During calibration, the output of the FID was adjusted to a specific
voltage which was referenced when comparing samples to the standard. Prior to each set
of analyses, the FID was zeroed using zero air, and calibrated using propane with a
concentration of 3120 ppm in nitrogen. This calibration was equivalent to 9360 ppm as
carbon (C) as per EPA Method 25B (Federal Register). The method reported by
Donohue et al. also specified calibration of the FID using propane. No attempt was made
to determine hydrocarbons which may have been sorbed to particulates caught in the
Drierite tube, or dissolved in water condensed in the sampling train. Visual examination
of the Drierite tube indicated minimal particulate matter collected.

Non-dispersive infrared absorption (NDIR) provided the means for determining
CO and CO5 concentrations. The Horiba Model PIR 2000 NDIR equipment was zeroed
with nitrogen (N»), and calibrated with span gases of the following concentrations: CO,
4.89%, £0.02%; CO9, 19.84%, £0.02%. A Horiba Model OPE 325 paramagnetic
analyzer allowed exhaust oxygen concentrations to be determined. The analyzer was
zeroed with N» and calibrated at 21.0% with atmospheric oxygen. Calibration of the
Horiba FID, NDIR, and paramagnetic analyzers was performed prior to each set of
Tedlar® bag analyses.

The analytical equipment provided results for CO, CO9, O and THC as volume
percentages on a dry basis. Once these pollutant concentrations were obtained, specific
emission rates could be calculated. See Appendix B for formulae related to these

calculations.
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Aldehyde Emissions Measurements

EPA Method IP-6A (US EPA, 1989) provided the protocol for determining
aldehyde concentrations in the exhaust gas. This method specified the use of silica gel
cartridges coated with acidified 2,4-dinitrophenylhydrazine (DNPH) to capture carbonyl
compounds from ambient air. This method became applicable to this research after
adjusting sampling times based on estimated exhaust concentrations of the aldehydes of
interest. The method specified subsequent high performance liquid chromatography
(HPLC) analysis. Procedures for this method as well as those outlined by Millipore
Corporation (Millipore, 1992) were employed in these analyses.

Waters Sep-Pak® DNPH-Silica cartridges allowed for easy sampling for exhaust
aldehydes. These cartridges were the first element in the sampling train when sampling for
aldehydes. Exhaust gas passed through the cartridges at various rates, measured by the
rotameter. The rotameter installed in series with the sampling pump and sampling
cartridge allowed determination of the sampling rate, which was held constant during
sampling. Recorded sampling times permitted the total volume sampled to be determined.
In some cases, two cartridges installed in series allowed a determination of breakthrough
of the main sampling cartridge. After sampling, the cartridges were enclosed in the
supplied foil pouches, placed in a capped Nalgene® bottle, and refrigerated before elution.

Elution of each cartridge required 5 mL of acetonitrile. As a 5 mL volumetric
flask was not readily available (US EPA, 1989), sample vials were weighed before and
after elution to determine the mass of acetonitrile in the eluate. Having previously
determined the density of the acetonitrile by weighing a known volume, the volume of the
eluate could be determined (Millipore, 1992).

Controls processed in this analysis included vendor blanks, lab blanks, and

breakthrough cartridges. The vendor blank cartridges were opened just before elution and
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analyzed for contamination that: (1) might have been present from the vendor, (2) might
have occurred during storage, or (3) might have been present in the acetonitrile used to
elute the cartridges. Lab blank cartridges were opened and exposed to laboratory air
while the actual sampling cartridges were installed. Analysis of these blanks allowed a
determination of any contamination of the sample cartridges which might have occurred
during installation into the sampling system. A blank processed by drawing a sample
through the exhaust system with no engine operation served as a sampling system blank.

The Waters manual (Millipore, 1992) described the preparation of HPLC
standards. Concentrated hydrochloric acid (HCI) was dissolved in one liter of distilled,
deionized water and split into two half liter portions for preparation of the DNPH-
formaldehyde and DNPH-acetaldehyde derivatives. Approximately 5 grams (g) of DNPH
solid, dissolved in each half liter of HCI solution and stirred for one hour, produced
saturated solutions of acidified DNPH. Vacuum filtering subsequently removed any
undissolved DNPH. Formaldehyde and acetaldehyde were added separately to the half
liter DNPH solutions until additional precipitate failed to form. Stirring and filtering
recovered the previously formed precipitate which was then dried in a 50°C oven for
several hours. Approximately 10 mg of each derivative dissolved in 100 mL of
acetonitrile served as the base standards from which less concentrated standards were
derived. These standards consisted of the following dilutions: 1:2, 1:5, 1:10, 1:20, and
1:50 of the original solution. Figure 6 shows standard curves generated by HPLC
analyses while Table A.IV in Appendix A contains the calibration data.

The HPLC used for the aldehyde analyses was a Hewlett-Packard Model 1090
liquid chromatograph equipped with an ultraviolet (UV) detector. The UV detector
employed a diode-array detector (DAD) to continuously scan from 210 nm to 400 nm.

Sample separation was accomplished using a 4.6 mm x 250 mm Zorbax ODS column
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(MAC-MOD Analytical Inc., Chadds Ford, PA). The HPLC program used is shown in
Appendix C. A 40°C oven contained the column, onto which a 20 pL of sample or
standard was injected. The HPLC pump maintained a 1.5 mL/min flow rate throughout
the analysis. The mobile phase initially consisted of a 60/40 water/acetonitrile mix,
pumped for 1.0 min. A gradient to 40/60 water/acetonitrile took place over a period of 10
min and the analysis continued to its conclusion, for a total time of 25 minutes. Analysis

of all standards, blanks, and samples used this HPLC procedure.
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IV. RESULTS

Basic Engine Measurements

Table IV shows typical ranges of values for engine operating parameters
determined from measurements. As these parameters were not measured for every
sampling run, the average values were sometimes used in calculations. The data from
which these values were derived are presented in Appendix D.

Table D.II shows engine speeds measured on 25 occasions and fuel rates measured
on five occasions. Engine speed varied approximately 7.5% from maximum to minimum
while the fuel rate varied approximately 40%. Although no accuracy value was given for
the stroboscope used to measure engine speed, the 7% deviation would seem to be within
the range expected for experimental error. The deviation in the fuel rate is most likely
attributable to fuel surges which occurred when the fuel valve was switched from the fuel
tank to the burette. When the valve was switched, the fuel level in the burette would
quickly drop 2 to 5 mL. As the burette contained 25 mL of fuel at most, the times over
which these measurements were conducted were not sufficiently long to average out these
surges. Table D.III shows load voltage and current measured on 21 occasions. The
voltage varied approximately 5% while the current varied approximately 8.5%. Accuracy
of the digital multimeter (DMM) used to measure voltage was +1.2%. The accuracy of
the analog ammeter was not given, but the type of meter, coupled with error inherent in
reading such a meter would lead to lower accuracy than that of the DMM. These
accuracies lead to the belief that the voltage and current variations are mostly due to
experimental error. The remainder of the variations can be explained by actual load

changes due to fluctuations in ambient temperature.
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Measurement of the fuel rate and intake air rate provided the data used to calculate
the air/fuel ratio. Table D.IV shows four values of the air intake rate obtained during high
power operation. The air intake rate varied approximately 36% from maximum to
minimum. Although some of this variation is attributable to error in the manometer used
to measure the laminar flow meter pressure drop, most is probably attributable to
variations in engine operation. The average fuel rate and average air intake rate give a
value of the air/fuel ratio of 10.2. The air/fuel ratio calculated for engine operation on
2/10/93, when air and fuel rates were measured simultaneously, was 12.0. The air fuel
ratio was also calculated to be 11.25 using the Spindt method (Spindt, 1965). This value
agreed with the two measured values within 10.3% and 6.7% respectively. All the air/fuel
ratios calculated indicated that the engine was operating with less than the required
stoichiometric amount of air, or "fuel rich". The air/fuel ratio and the fuel rate allowed the

exhaust flow rate to be determined by using a mass balance.
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Standard Emissions Measurements

Exhaust concentrations of CO, CO»5, O3, and THC were obtained from NDIR,
paramagnetic, and FID analyses. These values were used along with the exhaust flow rate
and generator power output to calculate specific emission rates (mass per unit power
output) for the engine.
Gasoline

Using 100% gasoline fuel (G100), three samples of exhaust gas were collected in
Tedlar® bags and analyzed for their composition. The first two samplings occurred with
no catalyst installed, while the third included the catalyst. Table V shows sampling dates
and times, CO, THC, CO», and O7 concentrations for the three samples. Specific
emission rates for CO for the two samples were 113.7 and 123.2 g/kW-hr. Specific
emission rates for THC for the two samples were 1.73 and 2.08 g/kW-hr. These two
samples showed variations of approximately 8% and 20% for CO and THC emissions
respectively. The CO, and Oy concentrations are typical for those expected from a small
IC engine operating fuel rich.

With the platinum catalyst installed, specific emission rates of CO and THC were
128.3 g/kW-hr, and 1.95 g/kW-hr respectively. The specific CO emissions after the
catalyst were approximately 4% higher than the higher non-catalyst value. The value for
specific THC emissions after the catalyst fell between the two values without the catalyst.
These results indicate that catalytic oxidation of CO and THC did not occur while using
G100 fuel. The CO concentration is unusually low in the catalyst sample (4.5%), while
the oxygen concentration is about 14% higher than the higher non-catalyst concentration.
This difference is probably not significant given the spread (>50%) in the two non-catalyst

values.
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Ethanol

Table VI shows dates, times, and emissions for exhaust gas samples collected
while using ethanol enhanced fuels. Throughout the presentation of these results,
reductions in emissions and converter efficiencies were referenced to base emissions from
G100 fuel with no catalyst. All statistical results and related data are shown in Tables D.
V, D.VI, and D.VII in Appendix D. Statistical results were generated using linear
statistical methods (Neter and Wasserman, 1974).

Figure 7 shows carbon monoxide data collected with ethanol addition to the fuel,
with and without the catalyst. The regression lines for these data are also shown. For
operation without the catalyst, although no CO reduction was demonstrated with the
addition of 10% ethanol (E10), addition of 25% (E25) and 50% (E50) ethanol to the fuel
resulted in decreased CO emissions of approximately 33% and 75% respectively. A t-test
with a 95% confidence interval showed that the slope of the non-catalyst regression line
was non-zero, indicating that the CO emissions were dependent on fuel ethanol content.
With the catalyst installed, only one sample was taken at each ethanol level. As a result,
these results should only be considered qualitatively. The results of a statistical test to
determine the relationship between the two regression lines indicated a p-value of 0.54.
The p-value indicates the level of significance at which the statistical conclusion
concerning the regression lines indicates that the lines differ. Thus a p-value of 0.54 is
equivalent to a confidence interval of 46%. These results seem to indicate that no

catalytic control of CO was achieved at any level of ethanol addition.
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Figure 8 shows total hydrocarbon data collected with ethanol addition, with and
without the catalyst. Regression lines are also shown. Again, a trend in THC emissions
with respect to ethanol content is seen at the 95% confidence level. With no catalyst
installed, no reduction in specific THC emissions is observed with the E10 fuel, but
reductions of approximately 25% and 50% were seen with E25 and E50 fuels respectively.
The p-value for the catalyst vs non-catalyst results was 0.89, indicating practically no

significant difference between the data with the catalyst and that without the catalyst.

40



A’d d1qe] ur paisy| s1a1owered uoissaiday

"1sA[e1e0 Y} ylim Blep DHL Y} 10} dul| sarenbs 1589 9y ST ,,1BDUOISSAIZIY,, PA[qe] ulf 9y .

“pajeIsur IsAees wnure(d ay) Jnoyim

P9193]]09 ©Jep (QH.L) U0qIed0IpAY [8103 9y} Suniy surf sarenbs 1sed] 9y S1 ,JNUOISSIFY,, PA[oqe] dul] 3y |
SUOISSIW uoqIed0IpAH [e10] 2510adS uo Juajuo)) [oueyig [ong Jo 19374 - § 2InJ1J

adviudda9 g4 [ousyy

0¢ 14 01 0

1 I 1 1 L 1 L | — O

T
W
o

JeDUOISSITIY - e T
ICEN 1o W Tl T

DNUOIsS2IZay .. Sl ST

]
/
/
/
/
-
Ia}
—

1SA[BIRD ON @ TREeL s

o

/,/
//
(19-p4/3) suotssturg DH L dyoads

41




Figure 9 shows the effect of ethanol addition on the exhaust concentrations of
oxygen with and without the catalyst. With no catalyst, Oy concentrations remained
basically unchanged until an increase of about 40% occurred with ES0 fuel. An analysis of
the regression line indicated a non-zero slope at the 95% confidence level. With the
catalyst installed, a p-value of 0.61 was generated. This indicates that installation of the
catalyst had essentially no effect on the exhaust oxygen content. This served as
confirmation that catalytic oxidation of CO and THC did not take place in the catalyst, as
the oxygen level would have decreased had this occurred.

Figure 10 shows the effect of ethanol addition on the exhaust concentration of
carbon dioxide. With no catalyst, there is a trend toward increasing CO, with increasing
ethanol content, as a t-test showed the regression line to have a non-zero slope for a 95%
confidence interval. This is expected as additional hydrocarbons are oxidized at higher
ethanol levels. Considering catalyst versus non-catalyst emissions, a fairly high p-value of
0.89 was obtained. However, this was not considered to be due to catalytic activity, but
rather an unusually low value of CO, concentration for the G100 results with the catalyst

installed.
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Methanol

Table VII shows dates, times, and emissions for exhaust gas samples collected
while using methanol enhanced fuels. Figure 11 shows the effect of methanol addition on
carbon monoxide emissions, with and without the catalyst. Regression lines are included.
With no catalyst, CO reduction was seen at all levels of methanol addition. The value of
specific CO decrease with M10 fuel is not certain due to the spread of the two M10
values. The data demonstrated decreases in specific CO emissions of almost 90% and
95% using M25 and M50 fuel respectively. A t-test again verified this trend for the 95%
confidence level. With the catalyst, a trend of decreasing CO emissions with increasing
methanol fuel content was demonstrated, but no catalytic control of CO was seen as
indicated by a p-value of 0.44.

Figure 12 shows total hydrocarbon data collected with methanol addition, with and
without the catalyst. With no catalyst, reduction in specific THC emissions was observed
with all methanol fuel mixtures. Again, the decrease attributable to the M10 fuel was
difficult to evaluate. Reductions of about 45% and 60% were seen with M25 and M50
fuels respectively. This trend was confirmed with a 95% confidence interval. With the
catalyst installed, the trend of decreasing THC with increasing methanol fuel content was

observed, but a p-value of 0.46 denied that any catalytic control of THC had occurred.
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Figure 13 shows the effect of methanol addition on the exhaust oxygen
concentration, with and without the catalyst. With no catalyst, O concentrations
increased with increasing methanol content. The variability between the samples taken at
each methanol level did not allow a determination of quantitative increases, however, a
t-test on the regression line confirmed the trend. With the catalyst installed, the same
trend of increasing oxygen concentration was seen, with the catalyst values falling between
the two non-catalyst values for each of the methanol enhanced fuels. The p-value for
these data was 0.96, indicating that the two regression lines were virtually identical.

Figure 14 shows the effect of methanol addition on the exhaust concentration of
carbon dioxide. With no catalyst installed, there was a small initial increase in CO»
concentration with M 10 fuel. The concentration then remained essentially constant for the
other methanol enhanced fuels. This was borne out statistically, as an analysis of the
regression line did not allow a conclusion of a non-zero slope. With the catalyst installed,
a slight trend of increasing CO5 with increasing methanol fuel content was observed. A
very low p-value of 0.08 would seem to indicate some difference between the catalyst and

non-catalyst CO» concentrations, but for the outlier with the G100 fuel.
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Aldehyde Emissions Measurements

HPLC analyses permitted quantitative determination of the exhaust gas
concentrations of formaldéhyde and acetaldehyde. These values were then converted to
specific values for presentation. See Appendix B for formulae relating to this procedure.

Table VIII presents results of the QA/QC analyses. None of the blanks analyzed,
except the sampling system blank, contained formaldehyde or acetaldehyde above
analytical detection limits. Significant amounts of both formaldehyde and acetaldehyde
appeared in the sampling system blank. It was likely that the aldehydes detected came
from the ambient air rather than the sampling system. This was believed to be the case as
concentrations of both aldehydes in some exhaust gas samples were lower than those in
the sampling system blank. However, formaldehyde concentrations in the exhaust were
frequently similar to those found in the sampling system blank. Consequently, although
results for formaldehyde will be presented and analyzed, the background levels found in
the sampling system blank should be kept in mind when considering these results.
Gasoline

Table IX shows sampling dates, times and aldehyde concentrations for G100 fuel
with and without the catalyst. For operation without the catalyst, the specific emission
rates of formaldehyde ranged from a low of 71 mg/kW-hr to a high of 453 mg/kW-hr.
The specific emission rates of acetaldehyde ranged from 18 mg/kW-hr to 880 mg/kW-hr.

With the platinum catalyst installed, the specific emission rates of formaldehyde
were 239 mg/kW-hr and 460 mg/kW-hr, while the specific emission rates of acetaldehyde
were 675 mg/kW-hr and 1550 mg/kW-hr. Considering the range of values for the
uncontrolled aldehydes, changes in aldehyde emissions across the catalyst were difficult to

predict.
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Ethanol

Table X shows sampling dates, times, aldehyde concentrations and specific
emission rates for ethanol enhanced fuel exhausts. Figure 15 demonstrates the effect of
ethanol addition on specific formaldehyde emissions. With no catalyst installed,
formaldehyde may have increased about four times from the G100 level and remained
fairly constant at all levels of alcohol addition. This would be the case if the high data
point for G100 was an outlier. A t-test indicated that the slope of the regression line was
non-zero for a p-value of 0.09. This 91% confidence level would seem to indicate that the
addition of ethanol increases formaldehyde emissions, although the mechanism which
caused this was unknown. A similar trend was detected at the 86% confidence level for
formaldehyde emissions with the catalyst installed. A p-value of 0.62 generated when
comparing the regression lines indicated that catalytic control of formaldehyde probably
did not occur. Again, these data without replicates should be viewed qualitatively.

Without the platinum catalyst, acetaldehyde emissions were observed to increase
with increasing ethanol fuel content as demonstrated by the t-test. This was expected as
the same result was observed in the literature cited earlier. However, due to the variability
in these data, the amount of increase could not be reliably quantified. The same trend was
observed with the catalyst installed. A comparison of the catalyst and non-catalyst
regression lines revealed a p-value of 0.14. Although this 86% confidence level might
indicate possible catalytic control of acetaldehyde, visual inspection of Figure 16 shows

that this control might only have occurred at the 50% ethanol level.
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Methanol

Table XI shows sampling dates, times, aldehyde concentrations and specific
emission rates for methanol enhanced fuel exhausts. Figure 17 demonstrates the effect of
methanol addition on specific formaldehyde emissions. A t-test of the regression line for
data collected with no catalyst installed indicated that emissions of formaldehyde were
independent of fuel methanol content down to the 18% confidence level. With the catalyst
installed, fairly consistent replicate samples showed the same result down to 23%. No
catalytic removal of formaldehyde occurred as evidenced by the 0.87 p-value generated by
a comparison of the regression lines.

Acetaldehyde emissions showed increases over G100 values while using M10,
M25, and M50 fuels, but no trend in the emissions was observed based on a p-value of
0.77. With the catalyst installed, a slight trend of decreasing emissions with increasing
methanol content was indicated at the 92% confidence level. Although the actual decrease
in acetaldehyde emissions from 0% to 50% methanol was small (see Figure 18), the
consistency of the replicates for these results probably influenced the statistical results. A
p-value of 0.59 when comparing regression lines indicated a lack of any significant

catalytic control of acetaldehyde.
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V. DISCUSSION

Basic Engine Measurements

The measured engine fuel rate was slightly higher than that reported by the engine
manufacturer. The average measured rate was 15.2 mL/min (0.91 L/hr) while Honda
rated fuel consumption at 0.73 L/hr. Measured air/fuel ratios were typical of those
expected of gasoline fuel operation and agreed well with the average value calculated from
the exhaust gas constituents. The stoichiometric air/fuel ratio for gasoline is
approximately 15. Spindt reported values of air/fuel ratios from 10.5 to 18.0. Values

determined in this research were from 10.2 to 12.0.

Standard Emissions Measurements

Carbon monoxide results using gasoline fuel were reasonable based on the results
of Donohue ef al., but were much lower (one-quarter to one-half) than those reported by
Hare and White and supplied in EPA AP-42 (EPA, 1992). These differences could be due
to the testing methods used or the range of engine sizes tested in the case of the AP-42
results. Hydrocarbon emissions determined in this study were below those reported in the
literature. This was probably because the Honda engine studied employed overhead
valves designed to reduce emissions.

The catalytic converter did not effect a decrease in either CO or THC emissions
when the engine was operated with G100 fuel. This was expected due to the low oxygen
content (< 1%) of the exhaust. Although no replicate sample was taken with the catalyst,
the 17.5 minute sample should be indicative of average engine operation. Conversely the
carbon dioxide value for the catalyst sample is unusually low, 4.5%. Carbon dioxide
concentrations from IC engines can range from about 6.3% to 15.3% for commercial fuels

(Spindt, 1965). If no catalytic oxidation occurred, the CO» concentration should be
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similar to those with no catalyst installed. If oxidation had occurred in the catalyst, the
CO5 concentration should have increased from the non-catalyst values. This low CO»
concentration value could indicate sampling or analytical problems which a replicate could
confirm or refute.

As expected, carbon monoxide and total hydrocarbon emissions generally
decreased with increasing fuel alcohol content. Figure 19 compares the reduction of
specific CO emissions due to ethanol and methanol fuel content. A statistical test of the
regression lines indicates that the two alcohols had different effects on specific CO
emissions at a p-value of 0.03 (97% confidence interval). It is evident than methanol
decreased specific CO emissions more than ethanol with 25% alcohol fuel content. The
spread in CO results for M10 make this observation somewhat more questionable, and it
appears that the two alcohols had similar effects with 50% alcohol addition. Figure 20
shows THC reductions from ethanol and methanol addition. A significant difference
between the regression lines exists with a 91% confidence interval. Variability of the
results for the M10, E25, and M25 fuels made quantification of these differences difficult,
and it is obvious that for the 50% alcohol level, there was no significant difference. None
of the literature reviewed for this research compared the effects of ethanol and methanol
on reduction of CO and THC. The literature did report reductions in these pollutants
when using one alcohol or the other as a fuel additive. These results are cited in the
literature review. It is not immediately apparent why methanol appeared to result in
greater pollutant reduction than ethanol. One explanation may be that oxygen comprises a
greater fraction of methanol's mass than ethanol's. Methanol is 50% oxygen by weight,

whereas ethanol is only 36% oxygen by weight.

64



JU9IUO)) [aN,] [OUBYIDJA] PUB [OUBYIF O} SNP UOIINPIY SUOISSIWE IPIXOUOIA U0qIe)) o10adg jo uostredwo)) - ¢ 21n3ig

ABBYUNRJ [0Y0IY
S : |
W - o \/
r/l//IJ.,!I/r/ \{
[OWETHIN - - - - —- |
B8
- ~ B
-
ORI v
i
[oue] = ;

174

091

(1y- A /Bw) suotsstuy Q) Y1adg

65



JU2JU0)) [aN,] [OUBYISJA| PUB [OUBYIF O} aNP UOLINPIY SUOISSIWF UOQIBdOIPAF] [810 L oi10adg Jo uosuedwo)) - gz 2in31]

fouetg
CEIEN

Jouey

J8eURIIRJ [OYOIY

Y4

01

00

Ig) S o
—_— —_— =)

i
(1Y-A\¥/3w) suotsstwy DL yredg

66



Most runs with the platinum catalyst installed resulted in only one sample being
taken. As a result, quantitative results could not be determined. Qualitatively, however,
no catalytic control of either CO or THC was observed. This conclusion was reached
based on statistical analyses of the catalyst vs. non-catalyst pollutant emission rates as well
as exhaust oxygen and carbon monéxide concentrations. Oxygen is consumed and carbon
dioxide is formed in the oxidation reaction. No significant differences were detected
between the catalyst and non-catalyst results near the 90% confidence level, except in the
case of carbon dioxide. This result was likely due to the unusually low CO7 concentration

for G100 fuel with the catalyst.

Aldehyde Emissions Measurements
Gasoline

While operating with gasoline fuel, formaldehyde emissions were generally higher
than those reported by Hare and White and the EPA emission factors. Two of the five
measurements were within the reported range, however the large variability of the results
made further analysis difficult. Acetaldehyde emissions were much higher than those
reported by Hare and White. The reason for this was not known.
Ethanol

Ethanol addition caused an increase in emissions of both formaldehyde and
acetaldehyde. Formaldehyde emissions increased above G100 values with ethanol
addition but no correlation was evident between ethanol content and formaldehyde
emissions. No catalytic control of formaldehyde was demonstrated, as shown by the
results of the statistical test comparing the regression lines. Judging by the literature,
aldehydes are readily oxidized in catalytic converters. Potential reasons for the lack of
control in this care are discussed below. Again, it is important to keep the results of the.

QA/QC analyses in mind when considering these formaldehyde data.
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Acetaldehyde emissions increased with increasing ethanol content, again with some
variability among samples taken at given ethanol levels. This increase in acetaldehyde
emissions was to be expected, as during combustion, the ethanol is oxidized to
acetaldehyde, causing an increase in these emissions. Qualitatively, acetaldehyde
emissions after the catalyst were near the lower end of the range of values measured
without the catalyst. The 86% confidence level for a comparison of the catalyst vs. non-
catalyst acetaldehyde results might indicate some control of this pollutant through the
catalyst. A visible inspection of the data (Figure 16) indicated that this control could
possibly have occurred with 50% ethanol. Indeed, the values of the ESO catalyst results
compared to the non-catalyst results, coupled with the low variability of the ESO replicate
samples with the catalyst reinforces the idea that catalytic control could have occurred
with this fuel.

Methanol

Results similar to those from ethanol addition were observed with methanol
addition. Increases in formaldehyde emissions were seen over the G100 values for any
methanol addition. No dependence of formaldehyde emissions on methanol addition was
apparent. Variability of non-catalyst results was great and any trend could have been lost
in this variability. Operation with the catalyst installed resulted in no trend in
formaldehyde emissions, although the variability between replicates was less than that with
no catalyst. No control of formaldehyde was evident with the catalyst installed.
Formaldehyde results may be suspect due to the high levels of formaldehyde found in the
sampling system blank.

Methanol fuel addition was not be expected to increase acetaldehyde emissions, as
no chemical mechanism for obtaining acetaldehyde from methanol exists. Appropriately,

no trend of acetaldehyde emissions was apparent with increasing methanol fuel content.
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Williams et al. reported decreasing acetaldehyde emissions with increasing methanol fuel
content. This trend was seen with the catalyst installed. Acetaldehyde emissions with the
catalyst installed were again near the lower values recorded without the catalyst, but no

control of acetaldehyde was apparent.

Recommendations

A major difficulty with this research was the lack of a second sample acquisition
system. With only one sampling system, it was necessary to complete all runs without the
catalyst. The catalyst was then installed and new samples obtained. Any variation
between the two engine runs could affect the emissions. As a result, any further research
in this topic should be performed using simultaneous sampling before and after the
catalyst.

One reason for the lack of catalytic oxidation may have been the placement of the
catalytic converter in the exhaust system. In this experimental setup, the converter was
installed several inches from the exhaust manifold. Spacing constraints necessitated this
arrangement. In an engine equipped with a catalyst, the catalyst will likely be installed
directly on the exhaust manifold to take advantage of the high temperature of the engine.
Future research should be conducted with the catalyst installed directly on the exhaust
manifold for the same reason.

In order to more accurately characterize the air fuel ratio and exhaust flow rate,
the fuel rate into the engine should be measured. Perhaps a burette made of a plastic
material which is resistant to the effects of the fuel mixtures could be used. Alternatively,
an electronic flow meter could be used. This method would be more accurate, and would

allow detection of continuous variations in the flow.
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VI. CONCLUSIONS

The research results demonstrated the effective use of ethanol and methanol for
reduction of carbon monoxide and total hydrocarbon emissions. However, the use of
these fuel oxygenates increased emissions of formaldehyde and acetaldehyde. Ethanol fuel
addition increased emissions of both aldehydes, while methanol addition increased
formaldehyde emissions and possibly contributed to a decrease in acetaldehyde emissions.
Since formaldehyde is a known or suspected carcinogen, and acetaldehyde an acute
irritant, the use of high concentrations of alcohol fuel additives may be less than desirable
from a toxic emissions standpoint.

Catalytic control of CO and THC was not effectively demonstrated for any of the
fuel mixtures studied. Although increases in exhaust oxygen concentration were observed,
other factors may have influenced this apparent lack of catalytic control.

Catalytic control of the aldehydes was not quantitatively demonstrated in this
research. Qualitatively however, it appeared that some catalytic oxidation of acetaldehyde
may have occurred when employing 50% ethanol fuel.

Analytical methods used in this research are considered proven and reliable.
However, improvements in equipment setup and sampling techniques could result in
improved reproducibility of results. Additionally, data collection for parameters such as

fuel rates could be expanded to provide a greater basis for drawing conclusions.
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APPENDIX A - CALIBRATION DATA

Table A.I - Laminar Flow Meter Calibration Data

Meriam@ dpb ENE dpb Flow Rate Slope Intercept  Correlation
(in H20) (in H20) (cfm) (cfm/in H20) (cfm)

0.0 0.000 0.0

0.2 0.035 2.5

0.4 0.070 5.0 71.4 0.0

0.6 0.100 7.5 73.6 0.0

0.8 0.135 10.0 73.9 0.0

1.0 0.165 12.5 74.7 0.0

1.2 0.195 15.0 75.6 0.0 0.9996
1.4 0.215 17.5 77.4 .00

1.6 0.240 20.0 79.1 0.0

1.8 0.250 22.5 81.6 0.0

2.0 0.275 25.0 83.7 0.0

2.2 0.300 27.5 85.4 0.0

2.4 0.320 30.0 87.0 0.0

2.6 0.330 32.5 88.9 0.0

2.8 0.350 35.0 90.7 0.0

3.0 0.370 37.5 92.3 0.0

Figures in italic indicate non-linear response of laminar flow meter.

4L aminar flow meter calibrated using custom built Meriam laminar flow meter with 8 in
H»O pressure drop per 100 cfm.

bdp indicates pressure drop across unit in in H»O.
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Table A.Il - Rotameter Calibration Data from Wet Test Meter

Rot. Flow \Y Time Vol. Rate Vol. Rate
(SCFH) (ft3) (min) (cfm)  (mL/min) Correlation
0.0 0 0.00 0.0000 0.0
0.5 0.339 10.00 0.0067 189.9
1.0 0.1595 10.00 0.0154 436.4
2.5 0.069 10.00 0.0329 9323 0.997004

Teledyne Max 5 rotameter calibrated using GCA/Precision Scientific wet test meter.
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Table A.III - Rotameter Calibration Data from Direct Displacement

Rotameter Flow Vi V2 Time Vol. Rate
(SCFH) (mL)  (mL) (min) (mL/min)
0.0 0 0 0.00 0
0.4 750 148 10.50 57
0.5 350 188 1.00 162
0.5 750 220 2.75 193
0.5 750 232 2.50 207
0.5 750 242 2.50 203
1.0 500 192 0.75 411
1.0 750 292 1.00 458
1.5 750 185 1.00 565
2.0 750 232 0.75 691

Teledyne Max 5 rotameter calibrated using a direct displacement method. Pump output
was directed into water filled flask and run for a given time. The displaced water was
determined using a graduated cylinder. Flow rate was determined using displaced water

volume and pumping time.
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Table A.1V - HPLC DNPH-Derivative Standards Calibration Data

Ret. Time  Conc. Aread Slope Intercept
(min) (ug/mL) (mA-units) (ug/mL-mA-units) (pg/mL) Correlation

DNPH - Acetaldehyde Derivative Standards

8.407 2.7 99

8.472 6.9 267

8.470 6.9 265 0.0246 0.308

8.336 13.7 544 0.0246 0.312

8.507 274 1073 0.0253 0.130

8.518 68.5 2668 0.0256 0.006

8.346 137.0 5459 0.0251 0.340 0.99994
Avg. Retention Time 8.437
Standard Deviation 0.074

Maximum Variation % 2.183

DNPH - Formaldehyde Derivative Standards

6.621 2.6 86

6.623 6.5 221

6.627 6.5 220 0.0290 0.106

6.623 13.0 444 0.0291 0.100

6.672 26.0 878 0.0296 -0.008

6.642 65.0 2231 0.0291 0.135

6.616 130.0 4513 0.0288 0.305 0.99998
Avg. Retention Time 6.632
Standard Deviation 0.019

Maximum Variation % 0.846

High performance liquid chromatography (HPLC) analysis performed on a Hewlett-
Packard Model 1090 with an ultraviolet detector.

AHPLC response in milliarea units.
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APPENDIX B - FORMULAE

Calculations for Estimating Exhaust Flow Rate

Knowing the fuel mass rate and the intake air rate, the mass rate of the exhaust can
be estimated as the sum of the two mass rates. The mass rate of the intake air can be
calculated from the volumetric flow rate.

INT — RTAMB

m,,= mass rate of intake.air

P,.= ambient pressure

V= volumetric flow rate of intake air

MW = molecular weight of air

R = universal gas constant

T,.»= ambient temperature

Mpyy = My + Mpygg

m,,,,= mass rate of exhaust

my, ., = mass rate of fuel

The volume rate of the exhaust can then be calculated from the equation for intake
air mass rate above, using the pressure, temperature, and molecular weight of the exhaust
gas. The molecular weight of the exhaust gas can be determined from the volume (molar)
fractions of species present in the exhaust gas and their respective molecular weights.

MW,y = 3 XMW,
x;= volume (molar) fraction of species 1

MW = molecular weight of species 1
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Determination of Specific Emissions from Pollutant Concentrations
Given a volume fraction (or part per million) concentration of a pollutant, the mass

concentration of the pollutant can be determined.

P
Cuass = Cy — MW
MASS v
RT
C,,.ss= pollutant mass concentration, mass/volume

C .= pollutant volume concentration, parts/part
P = gas pressure

R = universal gas constant

T = gas temperature

MW = pollutant molecular weight

For THC concentration given in parts per million (ppm), the volume concentration is:

Cy=C,, 10°

ppm
Cppm= pollutant concentration, ppm
With the mass concentration and the exhaust flow rate, the mass rate of the
pollutant can be calculated.
m = Cyass Vexu
m = pollutant mass rate, mass/time
Vi = exhaust volume rate, volume/time

The specific emission rate can then be calculated by:

ESP =
Peen

E, = specific emission rate, mass/power

Py = generator power output
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Determination of Specific Aldehyde Emissions
Given an HPLC response peak area, the concentration of aldehyde in the sample
can be determined from the standard curves.

=A m

CSAI\IP HPLC *7STD

C

savp— aldehyde concentration in the sample, pg/mL

A, = HPLC peak area, mA units
my,,= slope of the standard curve, pg/mL-mA units
This calculation was actually performed in Microsofte Excel, using the TREND function,
which simply evaluates the functional value of a least squares line for the supplied x-value.
Given a known x-value, this function calculates a y-value from a set of known x and y-
values. The known x and y-values are the values generated from the standard analyses.
Sample vials were weighed before and after eluting sample cartridges. The
difference in mass was taken as the mass of the acetonitrile (MeCN). Knowing the mass
of MeCN used to elute the Sep-Pak® DNPH cartridge, the volume of MeCN can be

calculated from the density. The density was determined by weighing a known volume of

MeCN.

N _ Mygeen
MeCN —
V,

MeCN
Pyecn= acetonitrile density, g/mL
m, .~ mass of acetonitrile, g
Viseen™ volume of acetonitrile, mL
The MeCN volume was measured using a 10mL volumetric flask. The flask was weighed

before and after adding the MeCN, and the difference was taken as the mass of the MeCN.
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From the aldehyde concentration and MeCN volume, the total mass of aldehyde collected

can be calculated.

my, ;= Coann Vaeon

m,, ,, = total collected mass of aldehyde

Knowing the volume of exhaust sampled, the exhaust mass concentration of the aldehyde

can be determined.

Map
Chass = vV

SAMP
C,ass = exhaust aldehyde mass concentration
Ve = volume of exhaust sampled

Specific emission rates can then be determined as discussed above.
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APPENDIX C - HPLC PROGRAM AND CHROMATOGRAM
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Figure 21 - Typical Chromatogram
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Table D.II - Measured Engine Speeds and Fuel Rates

Speedd Fuel RateD
Date (RPM) (mL/min)
9/1/92 3360 13.4
9/11/92 3360
10/9/92 3360
12/13/92 3360
1/22/93 18.9
2/10/93 14.5
2/10/93 15.2
2/24/93 14.2
3/4/93 3160
3/4/93 3160
3/4/93 3140
3/25/93 3140
3/25/93 3120
4/1/93 3129
4/1/93 3110
4/1/93 3160
4/1/93 3120
4/2/93 3120
4/2/93 3120
4/2/93 3120
4/28/93 3120
4/28/93 3020
4/29/93 3320
4/29/93 2940
4/29/93 3140
4/29/93 3200
4/29/93 3120
4/29/93 3010
4/29/93 3110

4Engine speed measured using a General Radio stroboscope.

bFuel rate measured using a timed burette method.
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Table D.III - Measured Electrical Power Outputs

Voltaged Current? Power€

Date (V) (A) (kW)
9/1/92 113.0 9.0 1.02
10/22/92 115.0 9.0 1.04
12/13/92 112.0 8.5 0.95
4/1/93 111.8 83 0.93
4/1/93 111.4 8.5 0.95
4/1/93 111.8 8.5 0.95
4/2/93 1113 85 0.95
4/2/93 111.0 8.5 0.94
4/2/93 111.1 8.5 0.94
4/28/93 111.9 8.4 0.94
4/28/93 113.4 8.5 0.96
4/28/93 113.8 8.8 1.00
4/28/93 113.8 8.8 1.00
4/28/93 113.2 85 0.96
4/28/93 109.9 84 0.92
4/28/93 112.2 8.5 0.95
4/28/93 111.0 8.4 0.93
4/28/93 113.0 8.6 0.97
4/28/93 115.3 8.8 1.01
4/28/93 115.0 8.8 1.01
4/28/93 115.3 8.5 0.98

AGenerator voltage measured using a Micronta digital multimeter.
bLoad current measured using a Micronta clamp-on ammeter.

CPower calculated assuming a purely resistive load with a power factor of 1.0.
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Table D.1V - Measured Air Intake Rates

dP Intake Flow Rate
Date (in H20) (cfim)
1/22/93 0.07 53
1/27/93 0.06 4.5
2/10/93 0.07 5.3
3/25/93 0.05 3.8

Air flow rates measured using laminar flow meter built for this research.
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Table D.V - Linear Coefficients from Regression Analyses

Trend ' Slope Intercept r2
Ethanol Oy 0.02 0.50 0.7390
Ethanol O5, Catalyst 0.01 0.94 0.0891
Ethanol COp 0.07 9.94 0.9286
Ethanol CO5, Catalyst 0.16 6.87 0.7107
Ethanol CO -2.21 124 0.9710
Ethanol CO, Catalyst -2.13 128 0.9905
Ethanol THC -0.02 2.01 0.8637
Ethanol THC, Catalyst -0.03 2.05 0.9495
Ethanol Form. 4.43 262 0.3476
Ethanol Form., Catalyst 5.69 308 0.4516
Ethanol Acet. 171.08 997 0.6045
Ethanol Acet., Catalyst 82.93 769 0.9392
Methanol Oy 0.04 0.65 0.6772
Methanol O5,Catalyst 0.03 0.78 0.9567
Methanol CO» 0.05 11.1 0.4393
Methanol CO5,Catalyst 0.15 6.92 0.7104
Methanol CO -2.08 942 0.6607
Methanol CO, Catalyst -2.52 125 0.9968
Methanol THC -0.02 1.73 0.6863
Methanol THC, Catalyst -0.03 1.86 0.9825
Methanol Form. 0.91 272 0.0082
Methanol Form., Catalyst 0.91 272 0.0082
Methanol Acet. -18.74 2749 0.0133
Methanol Acet., Catalyst -14.45 1366 0.4333

Regression coefficients determined from a least squares line fit.
Form. - Formaldehyde
Acet. - Acetaldehyde

89



8L'CT 98'L 0L9°8LS  OI8'ST  LOAPI9 9 SO K 100V Joueylg

LET LT'E 0L6TLT'1T  090'8¢  80ASI € 6 ON oY [oueyig

AN 8L'C 8’1 081vL 029°C  00TveEc’l 9 SOA W0, [joueyiy
600 LET €6l 0€Z°¢L ozTl'e  00S°T9T°1 6 ON ‘wiog  jouepy
37 €1°9- 8'68 L6'S $6'6 4 SOK OHL joueyyg

SH'T L1'9" 161 121 T0z 8 ON OHL Joueylg

of'y vyl- 050y 433 0S1°¥¢€ 4 SO X 00 jouey)g

SH'T Trl- 0L6°9 €29 098°C9 8 ON 0D joueylg

91°0 o€y 7TT 060°1 L 0¥ oF ¥ SO K 200 joueylg
Sv'T £8'8 091°C 816 1L0°1 8 ON 200 jouey)

0L0 o€y o 011 bS't bS'9 b SN 20 joueylg
SH'T ARY S€T b6'L $6'6 8 ON <0 joueyrg

qene A-d G0 0=p 10} anjeA-) Ax3 Az 7% u 1SAjeIB)  RUOISSIWY  [OYOO[Y

(z/oz-un

paje[nofe)

JuswsduRyu [N, [OYOI[y 03 aNn(] SPUSI] UOISSIWF JO UOHBUILLIIA(T 10 SHNSIY 1S9 [ - IA ' 9]9eL

30



(d - 1)001 = [eAIIUT QOUIPPUO)) [RAISIUI RDUIPIUOD 2466 Y} I 9dOo[s 019Z-Uou B MOYS jou

PIP YOIyM S3UI| UOISSIIFAI 9SO} 0] Pare[nofed aam (pajdafor sem adogs 01az Jo sisatlodAy [inu ay3 yomym Je sanjea 0) sanjea dq

"('190y) apAysplelsoe pue ‘(‘unio) apAyaprewio) ‘(QHL) suoqiesoipAy 2103 (Q))) Sprxououwr uogred Jo sajes uoIsSIu

ou123ds (ZOD) IPIXOIp U0qIed puk (ZO) USSAXO JO SUOTIBIIUSOUOD :3IIM SUOIIBINO[RD [BD1ISIIR)S JOJ PAsn SUOISSID JO SINJBAp

800
LLO
LLO
80

o910
LO0

qene A-d

SH'T
LET
St'T
LET
0€'¥
Sh'T
o€y
Sb'T
0€'¥
ST
0€'y
Stz

$0'0=2 10J

(z/o'z-un

1494
LOE0
€0€0
0vC o
901~
9 ¢
05T
[A A%
(494
L1'T
99
S6¢
aneA-)
palenofe)

091°6¢€1
oS ove
055°8S
0L1‘TS
0°LS
651
015°C
065°C
080°l
07TC
pLI

ove
Ax3

0818
09$°1¢
089°C
019C
8Ly
€01
L8T
00¥
112
$'L6
$6°S
Pl
A3

LOAFO'
80HLE 1
0rE'SED
00L°€80°T
€L
161
06562
065°8€
LSY
S0T°1
$0l
8'1¢
%4

SOA 190y JouByIRN
ON 190y [oueyls
SOX ‘wio  [OUBYRN
ON ‘wioj  [OuBRYRA
S9A OHL JOUBYISIN
ON DHL JOUBYION
S9A 00 JouBYIS]N
ON 0D [OUBYIPON
SO [4s%) [oueYISIN
ON 20D [oueyN
SOA <0 [ouByISIN
ON <0 [ouByIdN

15AJeIR)  PUOISSIWH  [OYOO[Y

panunuo’) A'dQlqel

91



‘(fL61 ‘UBWLISSSBA

pue I3J3N]) :90UdI3Ja1 B} Ul PIUIBIUOD UOHBWLIOJUI JO SISeq ) UO Pauiio] sasaylodAy pue speus 91om SUOHB[NI[ED [BI1S1IRIS
Jsa101u1 JO Jueinjjod oy 10 154[RIRD Y} INOYIM PUR [}IM PIIOI[[0I BIRP JO PAISISUOD 13§ BIEP PIdnpal oy 1q

aul] uolssa15a1 sarenbs 1se3] Ay} WO BIRP Sy} JO SIOLIS dY) JO sarenbs 3y} Jo wInS 3y} $3JLIIPUI L (" 1IF) e

92

650 s L1 LOTAYT 6 SOASL'L LOISY'8 100y [ouBYIN
L8'0 1710 L1 S0AVL'€ p0H86 € $0H9T'€ WO, JOUBYIOIA
90 ¥$8°0 1 61L°0 $20°0 8950 OHL [ouBYION
bv°0 9060 4l 08LL 0206 01€9 00 [oueyIN
800 0S¢ 4l Ley Tel 101 200 [OUBYIN
960 €00 4 68’1 80L0°0 08’1 [46) JOUBYIIN
P10 eT S1 LOT00'6 9040T'1 LOF0T'9 100y Joueyig
290 9050 Sl S0ASY'T S0H90'1 S0A61 | wio ] [oueyig
680 JARN() 1 LOE0 61500 9T 0 OHL joueyy
¥S0 €T 4l 956 $'19 by 0) [oueyiy
1o 6T zl 1'9T 6°€l STl 200 Joueyiy
19°0 0£5°0 4 v0'T 97’1 €S0 20 Joueyg

IN[BA d SNnfeA-J paonpay paonpay um%_mammv am%_.&uwmu ON uorssiuy _OEOOE~

paje[noje) u Z(1g) (1) (1)

1SA[eIR)) WnuIe|d INOYNA\ PUEB Y)IAL SUOISSTWH JO uostiedwo)) Joy synsay 1591 - [IA ' 2Iq8.L



APPENDIX E - STANDARD PROCEDURE FOR WET TEST METER

1. Level meter with spirit level bubble.
2. Fill meter with distilled water to the point that sight glass indicator just indents water
meniscus. Use value at bottom of sight glass for final water adjustments.
3. Fill manometer U-tube with distilled water to "0" midscale. Move scale for final zero
adjustment.
4. Connect flow tube so that gas bubbles through distilled water before entering wet test
meter.
5. Manually set all pointers to "0".
6. Record ambient temperature, meter fluid temperature, barometric pressure,
manometer gas pressure and time per revolution.
7. Calculate in order to correct measured ambient saturated flow rate to standard flow
rate.
P =P +P -P,
P.,.m=ambient gas pressure,
P, ...=manometer pressure,

P, =water vapor pressure at ambient temperature (from Table E.I).

— Pmeas TS
QS - I:’S Tmeas Qmeas

Qg=standard flow rate,
P =standard pressure,

T =standard temperature,

Q. e=measured flow rate.



Table E.I - Water Vapor Pressure Data

Temperature Vapor Pressure
(°F) (in Hg)
40 0.248
50 0.362
60 0.521
70 0.739
80 1.03
90 1.42
100 1.93

This procedure and these data were obtained from Dr. J. Martin Hughes, 1993.
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