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(ABSTRACT)

Recent approval of emission standards for small utility engines by the California Air
Resources Board suggested that substantial reductions in emissions from small utility
engines will soon be required. Although the 1994 standards can be met by simple engine
modifications, the 1999 standards may require the use of emission control technologies
such as catalytic converters because they are more stringent.

In this research catalytic control of individual hydrocarbons such as methane,
ethylene, benzene, and toluene were evaluated. A platinum coated catalyst treated
emissions from a 107cc, four-cycle gasoline engine loaded with a 1.4KW portable
generator. Determination of emissions was performed at three different load levels: 0%,
50% and 92% of the engine rated load. Among the four hydrocarbons, toluene was
oxidized as much as 60%, and benzene 40%, whereas ethylene remained unaffected by

the catalyst. Also, a 5% to 10% methane oxidation occurred in one trial.
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I. INTRODUCTION

Automobile exhaust emissions make up a primary source of air pollution in the
United States. All types of vehicles (cars, buses, and trucks) contribute as much as 50% of
the smog formation and 90% of carbon monoxide (CO) production in urban areas (Clean
Air Act, 1990).

More specifically, California has been characterized as a state with the most severe
air pollution problems in the nation (California Air Resources Board, 1990). Significant
improvements have been achieved in control of vehicle exhaust and stationary source
emissions. Improvements, however, in air quality do not coincide with the reductions
achieved in motor vehicle emissions and thus the ambient air quality standards are not met
in many areas of the state (Heywood, 1991). Consequently, emissions reductions must be
acquired from other sources which currently are not subjected to any regulations. Some
of these sources include construction and farm vehicles, marine vessels, locomotives,
utility engines, and off-highway vehicles (CARB, 1990).

Utility engines, engines that are used to power lawnmowers, lawn tractors, portable
generators, snowmobiles, etc., are the first off-road category that will be required to
comply with emissions control regulations. Swanson (1991) reported that in 1989, utility
engines produced as much as 5% of the hydrocarbons (HC) and 4% of the carbon
monoxide (CO) of the total on-road emissions in California. These emissions can be
approximated with the emissions that result from 3,500,000 new 1991 model cars driven
an average of 16,000 miles in the first year of operation. Therefore, the California Air Re-
sources Board (CARB) proposed exhaust emission standards for the new 1993 through
1998 model year utility engines. All the engines in this category that are produced after
December 31, 1993, should comply with these standards. Table 1 summarizes the 1994

standards.



Table 1. Exhaust Emission Standards for 1994-1998 Utility Engines*

UTILITY Emissions Standards (g/KW-hr)
ENGINES THC + NOy CcoO PM-Diesels
< 225cm? 9.0 224 0.67
> 225 cm3 7.5 187 0.67

*Sources: CARB, 1990, White et al., 1991

As a continuation of the 1994 emission control strategy for utility engines, the

CARB approved a second level of emission standards for implementation in 1999. Table 2

illustrates the 1999 proposed standards.

Table 2. Exhaust Emission Standards for 1999 Utility Engines

UTILITY Emissions Standards (g/KW-hr)
ENGINES THC + NO, CcO PM-Diesels
< 225cm3 24 75 0.18

> 225 cm3 2.4 75 0.18

Sources: CARB, 1990, White et al., 1991

The CARB adopted, also, separate measures for emissions reduction for hand-held

equipment!. Table 3 details these standards.

Table 3. Emission Standards for Hand-Held Equipment

Hand-Held Emissions Standards (g/KW-hr) for 1994-1998
Equipment THC CO NOx PM
< 50 cm3 134 448 3.0 -
>50 cm3 90 224 3.0 -
Hand-Held Emissions Standards (g/bhp-hr) for 1999
Equipment THC CO NOx PM
All Engines 31 97 3.0 0.18

'Hand Held Equipment represents engines that are fully supported by the operator during operation.
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These emission standards for small utility engines and the future use of catalytic
technology in meeting these standards, provided the major incentives for the initiation of
this research. Furthermore, the behavior of individual HCs emission components such as
methane, ethylene, benzene and toluene, from small utility engines, with and without
catalytic converters becomes important since these gases tend to deteriorate air quality.
(These HCs were selected because of their significance as air pollutants. Methane is a
greenhouse gas, ethylene is a precursor for photochemical smog formation and the other
two gases are hazardous air pollutants regulated by the CAA). Additionally, this research
aimed to the acquisition of more information on small engines emission levels for use by
people who are involved in this type of research.

The experimental system consisted mainly of a small portable HONDA generator
(maximum output 1400W and rated output 1200W). Figure 1 details the engine set-up.
Examination of emissions took place when the engine operated under three different
power loads-no load (OW), half load (620W), high load (1100W)-in order to simulate
actual conditions of operation Also, the engine operated with a single source of unleaded

gasoline during the whole investigation. The objectives of this thesis can be summarized

as follows:
1. Determination of the engine's operational parameters (air-fuel ratio,
exhaust flow rate, exhaust gas temperatures) under three load levels.
2. Determination of the concentration of selected hydrocarbons

(methane, ethylene, benzene, and toluene) in the exhaust gas, under three

load levels, with and without a catalytic converter.
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Figure 1. Engine set-up. a) Prior to the installation of the catalyst, and b) after the
installation of the catalyst.




II. LITERATURE REVIEW
Investigation of the literature indicated that this research related to the following
specific areas:
*Background and Future CARB Regulations in Small Utility Engine
Emissions (CO, HC, NOy).
*Engine setup and measurement of operating parameters.
*Measurement of primary exhaust emissions (CO, HC, CO9, O, NOx).
*Measurement of individual HC emissions.
*Exhaust HC composition and factors that influence the HC emissions.
Catalytic converters: description, operation and design.

Catalytic oxidation of HCs and factors that influence this process.

The following section, analyzes each of these areas.

Background And Regulations In Small Utility Engines

Recent trends in emission regulations for the State of California targeted small utility
engine emissions. Significant research on small utility engines (Donahue et al., 1972,
Eccleston et al., 1972) subsided until efforts in controlling the exhaust emissions from
these engines resumed in 1990's when the CARB proposed new standards for this
category of off-road sources.

Generally speaking, utility engine classifications break down into two categories: the
lawn and garden group aﬁd the general utility group. The first group includes: walk behind
mowers, riding mowers, edge trimmers, tillers, chain saws, snow blowers and various lawn
and garden equipment. The general utility category includes: pumps, electrical generators,
compressors, general power tools, welding machines, vibrators, finishers, portable

refrigeration units and other utility implements (CARB, hearing 1990). According to the
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California Air Resources Board, utility equipment that requires power, from an internal
combustion engine, 25 horsepower or less constitutes the small utility engine category
(CARB, hearing 1990, White et al., 1991). From an engineering standpoint, these engines
tend to be four-stroke with some two-stroke single cylinder engines. Some two cylinder
engines also fall into this small utility engine category.

Studies performed in the early 1970's (Donohue et al., 1972) indicated these total

emissions from small utility engines:

Emission Type Emissions (TPY)
HC 169,000
CoO 1,160,000
NOy 13,400

According to Donohue et al., (1972), these emissions resulted from a population of
47,860,000 engines of which 37,000,000 were four cycle. This contradicts what Hare et
al., presented in 1973. These researchers came to the conclusion that the number of the
small utility engines in use was about 50,900,000 as reported at the end of 1972. Also,
they noticed a 15% increase in the small utility engine population since the end of 1968,
while the growth rate in engine sales in 1973 was around 6%. The total emissions from the
small utility engines, were also expressed as percentage of the 1970 mobile sources
emissions. In particular, their contribution to the atmospheric pollution estimated to be
about 0.7% in hydrocarbons, 1.0% in carbon monoxide, 0.1% in nitrogen oxides, 0.2% in
sulfur oxides and 0.5% in particulates. Note that the determination of these numbers was
based on the estimation of the average annual operational time of 50 hours/year/engine.
Other assumptions that Hare et al. (1973) made the following assumptions:

* The population of the lawn and garden engines in urban/rural areas is proportional

to the population of these areas.



* Operation of small engines on an annual basis consists of five months in the
northern region (49-43° latitude), seven months in the central (43-37° latitude) and
nine months in the southern region (37-31° latitude).

Unfortunately, more recent data regarding small engine population did not appear in
the literature. However, a nonroad study conducted by the Outdoor Power Equipment
Institute (Outdoor Power Equipment Institute, 1991), indicated that utility engines are
responsible for about 4% of the total volatile organic compounds (VOCs) from all
sources, during summertime. In addition, and according to the same report, the
percentages of the other major pollutants NOx and CO, are 0.2% and 2.5% respectively.
Finally, Wilson (1992) presented a relationship between emissions from utility engines and
those from passenger cars. For instance, emissions of VOCs from a generator set which
operates for one hour, are equal to emissions resulting from a passenger car which travels
approximately 40 miles.

Even though it has been several years since this information appeared, it seems that
small engines emissions contribute a significant part of the source of exhaust emissions
nationwide. Moreover, the fact that the small utility engine emissions place second behind
highway vehicles, along with the growing sales, present a potential impact both present
and future in air quality.

The adoption of regulations (Tables 1,2,3) by the California Air Resources Board,
represents an important step towards the reduction of the exhaust emissions from off-road
sources. The standard-promulgation process, established a first level of emissions
standards (1994) that could be met by simple engine modifications such as Over Head
Valve (OHV) design, adjustment of operating parameters such as air/fuel ratio, ignition or

valve timing, and a second level of standards that likely will require more revolutionary



changes in the engine design and probably the use of emission control technologies such as
catalytic converters.

A careful look at the proposed regulations shows that although the 1999 standards
are the same for all engines (under and over 225 cm3 displacement), the 1994 standards
require higher emission reduction for the engines over 225 cm3 in displacement. This
comes about since reduction of emissions of CO and HC presents a greater technical
challenge for the smaller engines. More specifically, in small engines the surface to volume
ratio increases with smaller cylinder size and as a result hydrocarbons close to the cylinder
walls remain uncombusted because of the flame quenching phenomenon. There is evidence
(Heywood, 1988) that in a layer (0.05-0.4 mm) adjacent to the cylinder wall, combustion
does not occur. The reason is that the cylinder wall is not hot enough in order to vaporize
the fuel and burn it. Finally, many of the smaller engines are old enough to withstand any
modifications that will result in emissions reduction (CARB, 1990). For this reason, the
long term regulations are more stringent and research has and is being done in order to
establish the most effective technology on small engines and therefore comply with the
standards.. In this case, automotive emission reduction strategies have been proven quite
helpful. For instance fuel injection, catalytic converters, electronically controlled air/fuel
ratio make up some of the techniques that have been used by the automobile
manufacturers. As a follow on to this, several investigators conducted studies in order to
investigate the efficiency of the automotive emission control technology on small engines
(White et al., 1991, Burrahn et al., 1991, Swanson, 1991). The 1999 CARB regulations

should stimulate technological innovation in the small engine industry.



Engine Setup and Measurement of Operating Parameters

The California Air Resources Board, specified use of the SAE J1088 Test Procedure
(SAE, 1983) which was developed for the evaluation of exhaust emissions form small
utility engines. More specifically, CARB regulations specified that the engine under test

should be equipped with instruments that are able to record the following variables:

i) Inlet Air Mass Flow Rate

ii) Inlet Air Temperature
iif) Inlet Air Humidity
iv) Barometric Pressure

V) Fuel Mass Flow Rate
vi) Air-Fuel Ratio

vii)  Engine speed

viii)  Engine Power Output

The measurement of intake air required either a Laminar Flow Meter (LFM) or
other device such as sharp orifice, pitot tube-to generate a pressure drop in the flow that
could be measured by means of a manometer. Then, the airflow is calculated by either the
Hagen-Poiseuille formula if the LFM was used or the Bernoulli formula when any other
meter was used (Massey, 1968). (In the Hagen-Poiseuille formula the flow rate was
proportional to the pressure drop while in the Bernoulli formula the flow rate was
proportional to the square root of the pressure drop). Eccleston et al. (1972), for example,
used a laminar flow element along with an inclined water manometer. However, the
measurement can not be valid unless a damping chamber has been installed between the
flow measurement device and the engine carburetor. The damping chamber or surge tank
may consist of any type of container (e.g. petroleum-type storage container) and should be
at least 50 times larger than the displacement of the engine or 100-cylinder volumes for a
2-stroke engine (Taylor, 1968). Its purpose was to absorb the pulsations of the engine

intake system and thus to isolate the meter from the engine. The pulsating flow made the



direct measurement of the exhaust flow not feasible. This was because it has been found
that the pressure differential meters give erroneous readings under such operating
conditions (Hayward, 1979; Ower et al, 1977). This can be attributed mainly to the
following errors which result from the flow pulsations:

* The response time error. This has to do with the inertia of the manometer fluid
which is not able to respond fast enough in order to record the variations in the
flowrate. Therefore, the actual flow will be unrealistic compared to the meter
value. In general, the response time error usually results in overestimation of the
flow.

* The square root error. This type of error affects the meters that have a square root
characteristic such as pitot tubes, sharp orifice meters, and drag-plate meters. In
this case the mean value of the gauge will be different from the mean of the
differential pressures of the whole cycle, since the meter can not respond as fast
as the flow pulsates. Moreover, the square root of the mean value will lead to
an erroneous flowrate value because the square root of a mean is always greater
than the mean of the individual square roots.

* The velocity profile error. It has been found that pulsating flow distorts the
velocity profile for still unknown reasons and affects the meters that are sensitive
to velocity profile changes (e.g. pitot tubes).

* The resonance error. This error occurs when the natural frequency of vibration of
the flow meter is approximately the same with the pulsations frequency; the
phenomenon, known as resonance results in highly inaccurate flowrate values.

The fuel flow rate may be measured by weight or volume (Eccleston et al., 1972),

when using a stopwatch. The time period should be long enough in order for more

accurate measurements to be obtained. The calibrated rotameter provides a more reliable

10



technique for fuel flow measurements. The advantage of this device was that the flowrate
is continuously displayed during the test (Taylor, 1968; SAE, 1983).

Air-Fuel (A/F) ratio was determined by the mass rate of air and fuel which have
been measured. In addition, the A/F can be calculated if the exhaust gas products are
known. This method was developed by Spindt (Spindt, 1965, Appendix B) and has been
shown to be a reliable means for determining the air-fuel ratio.

Measurement of the engine speed (rpm) was made by using a tachometer which
displayed the approximate speed, along with a neon lamp (stroboscope) adjusted to flash
at an appropriate frequency when supplied with the 60-cycle A/C power supply. The

power was measured by means of a dynamometer.

Exhaust Gas Sampling System

The exhaust gas sampling system consisted of the exhaust mixing chamber and the
exhaust sampling probe.

The exhaust mixing tank was installed between the muffler and the sampling probe.
In this case, the main purpose was to achieve complete mixing and dampening of the
exhaust gas flow before it reached the sampling point, in order for the sample to be as
representative as possible. In terms of dimensions, the surge tank must be at least 10 times
the cylinder displacement of the engine which is being tested (J1088 Test Procedure,
1983). In contrast, Taylor suggested that the tank volume should not be less than 50 times
the cylinder displacement of the engine. The volume of the mixing chamber should be
maintained as small as possible in order to keep the turbulence level high in order to
promote good mixing. According to the J1088 Test Procedure, this recommendation
seemed to "minimize the dropout of the heavier hydrocarbons in the tank during light load

operation or part throttle."
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The exhaust sample probe was a 6mm (1/4") OD stainless steel tube which centered

in the exhaust stream.

Exhaust Gas Analysis

Determination of the composition and quantity of the exhaust gas not only provided
useful information regarding the efficiency of the combustion, but also indicated whether
exhaust emission standards were being met or not. The major components of the exhaust
gas from a spark ignition (SI) engine (Internal Combustion Engine which uses gasoline as
fuel) were hydrocarbons (HC), carbon monoxide (CO), carbon dioxide (CO»), nitrogen
oxides (NOx), oxygen (Op), water vapor (HpO), traces of aldehydes (mainly
formaldehyde and acetaldehyde) and particulates.

The instrumentation developed for measuring the concentrations of the exhaust gas
constituents, made gas analysis routine. The following instruments provided the means for
measuring concentrations of the exhaust species (Obert, 1973, J1088 Test Procedure,
1983, Heywood, 1988):

* Flame Ionization Detector (FID). Measured ions produced by HC combustion.

More precisely, the HCs present in the exhaust gas sample are burned in a
hydrogen-air flame, resulting in production of ions in a quantity proportional to
the number of carbon atoms burned. The ions generate a current between two
electrodes; electronic equipment, then, amplifies and records the current signal.
Calibration of the FID involves measurement of hydrocarbons with known
concentrations.

*Non Dispersive Infrared Analyzer (NDIR). The NDIR measured CO and CO9

concentrations. The sample should be dried before being fed to the instrument

because water vapor infrared absorption overlaps the CO2 and CO absorption
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spectrum. Its operation involved comparison of infrared absorption in a sample cell
which contains exhaust gas, with absorption in a reference cell containing room air.
The two cells are followed by a detector cell which is divided into two
compartments separated by a pressure-responsive, perforated membrane and
contains the gas being measured. Injection of a sample into the instrument,
generates radiation proportional to the amount of CO or CO from a
nondispersive infrared source, which, then, will be absorbed in the sample cell.

As a result a diminished amount of energy will reach the sample side of the
detector cell which leads to a pressure drop in that side. An electronic device
amplified and recorded this pressure difference, as an electric signal.
*Paramagnetic Analyzer. Measures oxygen (O3) concentrations and oxides of
nitrogen. These gases display paramagnetic properties due to unpaired electrons.
In a nonuniform paramagnetic field, paramagnetic gases, show an affinity for the
strongest part of the field, displacing, eventually, diamagnetic gases. These effects

allow measurement of the concentration of the strongest paramagnetic gas.

Measurement of Individual Hydrocarbons

The exhaust gas consisted of a mixture of individual hydrocarbons such as paraffins,

olefins and aromatics. The identification of the specific hydrocarbons was not feasible until

mid 1960s. For example, Papa (1967) reported, that more than 200 individual

hydrocarbons, ranging from C; to Cq9, were separated and then identified by means of

gas chromatography at levels as low as one part per billion.

Gas chromatography (Miller, 1988) provided a physical method for separating a

mixture into its constituents. It involved the injection of a small amount of sample into a

mobile phase (an inert gas such as helium or nitrogen) which carried the sample through
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out the columnl. The column contains the stationary phase (usually a polymer) which acts
as a retardent for each constituent present in the sample. As a result, each constituent left
the column at a specific different time, after spending some time passing through the
coiled column. After the sample constituents had been separated in the column, they
passed a detector which identified and measured each one. An intergrator or a data
acquisition system recorded the measurements in peak form. Finally, the individual
hydrocarbons were identified by comparing their retention times with those acquired from
known hydrocarbon standards.

Various researchers have reported that gas chromatography along with flame ioni-
zation detection provides a most reliable analytical technique for individual exhaust gas
hydrocarbon determination. Papa (1967) used a packed column at room temperature in
order to separate the Cq-Co compounds and a capillary column for the C3-Cqpo
components from a sample taken from automobile exhaust. The temperature variation
applied to the latter column, ranged from -70° to 120°C. The cryogenic cooling (-70°C)
developed a "cold trap" that facilitated the separation of the hydrocarbons while it allowed
the injection and condensation of a larger sample (5-15 cm3) into a small area at the head
of the column. Nitrogen (N5) was the carrier gas used in the packed column, whereas
helium (He) resulted in better resolution as carrier gas in the capillary column. Lipari
(1990) conducted a similar study but instead of using two columns he used only a capillary
(DB-1 60 m x 0.32 mm I.D. fused-silica) one. The samples were collected in 10-liter
Tedlar® bags and a small amount (500puL) was injected into the column by means of a

gastight syringe. In terms of chromatographic conditions, the temperature program

1Columns are usually made of metal such as stainless steel, copper, aluminum or glass and silica.
Also columns are distinguished in packed and capillary columns. Packed columns are larger in diameter,
but smaller in length compared to the capillary. Although they are cheaper than the capillary, packed
columns are more efficient, especially if complex mixtures are analyzed (Miller, 1988).
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included a four-minute hold at -50°C, and a ramp rate of 6°C/min to 110°C and 10°C/min
to 140° held for ten minutes. In addition, helium was used as carrier gas and flame

jonization as detection method.

Exhaust HC Composition And Factors That Influence HC Emissions

The hydrocarbons in the exhaust can be distinguished into the HCs that originate
from the fuel (fuel-derived) and the HCs that are products of the combustion itself
(combustion-derived). The second category consists primarily of the light hydrocarbons
such as methane, ethylene, acetylene and propylene which are present in the exhaust due
to the thermal oxidation of the fuel. Likewise, there are compounds (e.g. benzene, tolu-
ene) that belong to both categories. In fact, a careful examination of the individual
hydrocarbons in the exhaust, indicates that most of the hydrocarbon classes-paraffins,
olefins, aromatics-are represented with compounds ranging from C1-Cq5 (Dishart, 1970).
Combustion-derived hydrocarbons constitute approximately 50-60% of the total exhaust
hydrocarbons (Heywood, 1988). Low molecular compounds such as methane, ethylene,
propylene and acetylene are basically the predominant species in the exhaust gas. Although
methane seems to be the major constituent in the exhaust, it is a nonreactive compound in
the atmospheric photochemical system. In contrast, the combustion-derived olefins,
ethylene and propylene, possess highly reactive properties and as a consequence
contribute significantly to the photochemical smog formation. Also, aromatic
hydrocarbons, mainly benzene, toluene and xylenes, are present in the exhaust in smaller
amounts. In terms of reactivity, aromatics, fall between the paraffins and olefins in their
ability to participate in the photochemical reactions. Jackson (1978) classified benzene as a

nonreactive hydrocarbon. According to the combustion theory, combustion-derived
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compounds emanate from cracking and pyrolysis reactions of the fuel hydrocarbons in the
combustion chamber or the exhaust manifold (Nelson, 1984).

In contrast, compounds such as isooctane (2,2,4-trimethylpentane), and n-butane are
considered as the major fuel-derived products; they result from the fuel and for various
reasons survived the combustion process. Unleaded gasoline is a mixture of several
hydrocarbons. Although a detailed analysis of the fuel is mostly proprietary, its
hydrocarbon composition can be outlined as follows (Church ez al., 1989):

*About 20% low molecular weight hydrocarbons (butanes, pentanes).

*About 35% aromatic compounds with 1-4% benzene (typical 2%) and the
rest toluene (Black et al., 1980).

*About 45% alkanes and alkynes (Cg-C12).

The light hydrocarbons-mainly butanes-provide the volatility required by the fuel for
cold engine starting. Their percentage usually varies with the seasons. For example during
the winter or generally in low ambient temperatures the fuel should be more volatile; as a
result the fuel manufacturers increase the contents of low molecular weight hydrocarbons.
Conversely, spark-ignition engine's operation in higher ambient temperatures might be
impaired due to the vapor lock* phenomenon if the fuel volatility is not properly selected
(ASTM, 1986). (Vapor lock is caused by the high volatility of fuel components which
generates excess vapor and reduced fuel flow resulting in loss of power and/or even
engine stall). High volatility affects also the composition of the exhaust hydrocarbons. In
particular, Sickler et al. (1986) demonstrated that HC and CO emissions were increased

with the higher volatile fuel.

ZVapor lock is caused by the high volatility of the fuel; when too much vapor is produced, the fuel flow is
reduced resulting in loss of power or even engine stall.
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Levels of aromatic compounds, were increased in unleaded gasoline for octane
enhancement since lead content of fuel leads to poisoning of catalytic converters. Studies
with both automotive and small engines (Seizinger et al, 1986, Hare et al., 1991)
indicated that emissions of aromatic hydrocarbons increase with increasing aromatic level
in the fuel. More specifically, toluene becomes (Dishart, 1970, Lipari, 1990) the major
aromatic component in the exhaust. The benzene content of emissions varied with either
benzene concentration in the fuel or aromatic content in the fuel or both (Hare et al,
1991). Raley et al. (1984), Seizinger et al. (1986) found small amounts of benzene in the
exhaust gas of an engine which was powered by benzene-free fuel; they attributed that to
the presence of precursors which resulted in benzene formation during the combustion
process. Marshall et al. (1989) not only corroborated the aforementioned data but also
further explained that benzene can be formed by dealkylation of other aromatic
compounds probably by thermal cracking. For instance, and according to the same
reference, ethylbenzene was disassociated into benzene and ethylene based on the
following reaction:

(CeHs)-CoHs —> CgHg + CoHy
Finally, the presence of benzene in the fuel caused benzene to be in the exhaust because of
incomplete combustion.

In addition to the fuel composition, engine operating characteristics affect the
amount of exhaust emission hydrocarbons. More specifically, incomplete combustion
(either partial burning or complete misfire) becomes a major HC formation mechanism.
Incomplete combustion occurs whenever poor combustion conditions exist. For example,
improper adjustment of parameters such as air-fuel ratio, spark-ignition timing and
compression ratio can lead to incomplete combustion. Moreover, if the engine operates

with a rich mixture or A/F <14.6 (it is considered as the A/F which results from a
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stoichiometric reaction) then not enough air will be available for the complete oxidation of
a given mixture composition; consequently unburned hydrocarbons will appear in the
exhaust gas. Note that the A/F is a function of the load applied to the engine unless a
three-way catalytic converter (TWC) is present, where the A/F is adjusted to a value close
to stoichiometric (14.6-15.0) for higher control efficiency (Heywood, 1988).

Ignition timing influences exhaust hydrocarbon emissions differently than A/F.
Modification of ignition timing results in both cycle and expansion temperature change. In
particular, delaying ignition in the compression stroke, results in lower combustion
temperatures. However, higher exhaust temperatures are produced (low thermodynamic
cycle efficiency), because significant burning occurs during the expansion stroke. The
increase of the exhaust temperature leads to HC oxidation in the exhaust manifold if
excess oxygen exists (Kummer, 1981; Arcoumanis, 1988).

Heywood (1988) proposed other possible reasons to explain HC existence in the
exhaust. Flame quenching at the walls of combustion chamber, leaves a layer of unburned-
fuel mixture next to the wall. Additionally, some of the air-fuel mixture can escape the
combustion process because it fills the crevices formed between the piston, piston rings
and cylinder wall where the flame does not penetrate. Heywood described that layers of
lubricating oil on the cylinder wall, absorb fuel vapors during intake and compression
whereas desorb the fuel vapor during expansion and exhaust. This takes place mainly in

two-stroke engines where gasoline mixed with lubricating oil make up the fuel.

Catalytic Converters: Description, Operation and Design
Catalytic converters (catalysts) find wide use in controlling emissions of carbon
monoxide (CO) and hydrocarbons (HC) from automobiles. Small utility engine

manufacturers considered them as a possible emission control system to meet the
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California Air Resources Board regulations. The first catalytic converters were designed
to promote oxidation of CO and HC to CO2 and HO under oxidizing conditions
(A/F>14.6). Starting in 1981 automobile engines appeared with three-way catalysts
(TWC). These catalysts promoted not only oxidation reactions but also the reduction of
NOx to Ny. Exhaust gas recirculation3 (EGR) controlled to some extent nitrogen oxides
until 1981. The TWC are more sophisticated systems than the oxidation ones because
their operation is associated with the presence of a closed-loop system which controls the
air-fuel ratio (Taylor, 1984).

In general, the catalytic converters used in spark-ignition engines consist of these
three main parts (Church, 1989):

*The substrate which can be either ceramic or metallic.

*The washcoat, usually alumina, provides a high-surface area.

*The catalyst material which usually is a noble metal such as platinum,
palladium or rhodium or a mixture of these metals.

As catalysts supports manufacturers prefer ceramic substrates. The material that
comprises the ceramic is known as cordierite (2MgO-2Al»03-58i05) and is fabricated by
an extrusion process in a honeycomb form which consists of many parallel channels* of
different geometries (Kummer, 1981). Also, cordierite possess satisfactory thermal-shock
resistance since the catalyst temperatures can sometimes reach abnormal values (1400-
1500°C); in the same time its contribution to the total back pressure of the engine remains
within acceptable levels. On the contrary, both Nonnenmann (1990) and Stamatelos
(1992) reported that metallic supports (stainless steel) provide better operating conditions

for the catalysts. More specifically, metallic substrates have higher coefficient of thermal

3EGR: Technique used to reduce NOx emissions. It involves recirculation part of the exhaust gas to the
intake manifold; therefore the combustion temperature decreases resulting in reduction of NOx.
4The cell density ranges from 200 to 600 cells per sq. inch (cpsi) with a typical value of 400 cells/in2.
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diffusivity (tenfold) than the ceramic ones although they are more sensitive to elevated
temperatures. As a result of their high diffusivity ( low specific heat), catalytic converters
with metal supports are more efficient in controlling cold start emissions because of their
faster response to temperature increase.

The dip process which applies an alumina (y-AlpO3) washcoat to the monolith

increases its surface area. The substrate may be dipped into a slurry of alumina or the
exact amount of slurry required may be injected directly into the honeycomb. The
thickness of the coating (alumina) layer ranges from 20 to 50um (Kummer, 1981). In this
process the porosity of the substrate becomes important because it results in higher
absorption of the alumina. This explains why ceramic substrates are more popular than
metallic substrates (Bagley, 1973).
According to Taylor (1984), the addition of some oxides such as barium oxide (BaOp)
and cerium oxide (CeO»), in small amounts (less than 1% by weight of the substrate) was
found necessary. For example, it has been shown that CeO; stabilizes the alumina layer
against "surface area loss" or thermal degradation and in the same time improves the
dispersion of the noble metal layer.

After the application of alumina washcoat, another dip process applies to the
monolith a solution® which contains noble-metal compounds. In practice, the
concentration of the catalytic material applied on the substrate ranges from 1 to 2g/L of
honeycomb volume, with usually Pt/Pd=2 on a weight basis (Kummer, 1981). The noble
metals-Pt, Pd, and Rh-are responsible for the catalytic reactions that take place within the
catalytic converter. More specifically, they accelerate the rates of the gas-phase reactions
in the engine exhaust, so the reactions proceed at a much lower temperature than the

temperature required for them to proceed thermally. The selection of the metal depends

SH,PtClg, HyPdCly.
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primarily on the type of reactions that need catalysis. For example, platinum and palladium
favor oxidation reactions, while rhodium has been recognized as a promoter of nitrogen
oxides reduction. For this reason and although in different amounts, all three elements
might be present in three-way catalysts where all the major pollutants (CO, HC, and NOx)
are controlled.
From a thermodynamic standpoint, catalytic reactions take place in the following
steps (Edwards, 1977):
1. diffusion of reactants from the gas phase to the proximity of the catalyst surface,
2. adsorption of reactant(s) onto the catalyst surface,
3. reaction of adsorbed compounds with other adsorbed compounds,
4. desorption of the reaction products from the proximity of the catalytic surface, and
5. diffusion of these products from the boundary layer into the gas.
In addition, Edwards reported that the overall rate of the catalytic reaction depends
on the rates of the five individual stages. Ebel (1969) suggested that catalytic activity can

be expressed by the Arrhenius rate equation (eq. 1):

E
r= A-exp(—;’;—‘) (D
where r=reaction rate, A=preexponential term, which is a measure of the number of
effective collisions of gas molecules, E;=activation energy which is the energy released,
along with the heat of a reaction, when the reactants become products, R= universal gas
constant, and T=absolute gas temperature. Edwards, however, indicated that only stage
three (above) seems to follow the Arrhenius relationship. In fact and according to the
same reference, the overall rate may be affected by other parameters such as catalyst

surface, pore size and gas flow distribution as influenced by geometric configuration.
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Most importantly, the size of the substrate is a key factor in the efficient operation
of the catalytic system. Unfortunately, almost all the pertinent information in the literature,
concerns studies conducted with automobile size catalytic converters. For example, Hansel
et al. (1974) developed an empirical relationship which allows the determination of the
volume of automobile catalysts. The main concept of this relationship is the use of inertia
weight along with a reference vehicle which operates with a catalytic converter of known
properties. In spite of that, all researchers (Hansel et al,, 1974; Kummer, 1981; Martin,
1981) concluded that the actual catalyst volume required can be calculated by the

following equation (eq. 2):

e ©
where V44=volume of the catalyst (m3), Qexh=¢xhaust gas flow rate (SCMH) expressed
in standard conditions and SV=space velocity (h~1). Space velocity is a term used in
catalytic systems instead of residence time and expresses the number of catalyst volumes
of gas that goes through the catalyst per hour. For hydrocarbon oxidation with ceramic-
type substrates, space velocities ranging from 20,000 to 100,000 h1 are typically used.
Kummer proposed a rule of thumb that simplifies the above calculations and indicates that
the volume of the ceramic honeycomb should be approximately half of the engine
displacement volume.

The design of the packaging system which contains the washcoated and catalyzed ceramic
monolith, becomes a critical item needed to achieve efficient operation of the converter.
After the ceramic is wrapped in either intumescent mat (heat expandable material made of
aluminum silicate fibers) or steel wiremesh (Kattge, 1988), it is placed into a stainless steel

can. Suitable cones (Figure 2) at both ends of the can allow the distribution of the gas flow
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across the frontal area of the converter. Under ideal conditions the flow shows uniform

distribution patterns.

mounting mat

can

Gas in Gas out

_% a %

monolithic substrate

Figure 2. Schematic of a catalytic converter system.

In most cases, flow into a catalytic converter will not be steady or uniform for
various reasons such as pulsations and not fully developed flow velocity profiles, or flow
separation in the inlet diffuser section. Wendland et al. (1986) demonstrated that flow
separation occurred when the angle of divergence (see angle a in Fig. 2) exceeds
approximately seven degrees and depended primarily on the diffuser length to inlet pipe
diameter ratio. Non uniform distribution of the exhaust gas flow results in increased
pressure drop, low conversion efficiency and eventually attrition of the converter in
sections (mainly middle) that are subjected to heavy flow. In this case, it has been found
that either a long diffuser from a small diameter exhaust pipe to a larger diameter ceramic
substrate (Howitt et al, 1974) or spherical end caps, provide a more uniform flow

distribution (Lemme, 1974).
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Catalytic Oxidation of Hydrocarbons

Current practice in the automobile field, shows that catalytic converters reduce
exhaust hydrocarbon emissions efficiently. With this in mind and with the advent of the
California Air Resources Board Emissions Standards for small engines, catalytic
technology needs to be examined as a potential control methodology in that field too. For
this reason, various researchers (Swiatek et al, 1989; White et al., 1991) have tried
catalytic converter systems on small utility engines. For example, Swiatek et al. (1989)
used a 3 KW Honda generator powered by a single cylinder engine equipped with two
metal supported catalysts with 400 cpsi cell density. The first experiments involved
operating the engine under normal conditions without catalysts at two different loads 1.5
and 3.0 KW. Then the engine was tested with the first catalyst (A) and exhaust emissions
were collected and analyzed. After that, the second catalyst (B) was used while secondary
air was injected in order to provide enough oxygen for the oxidation reactions. Finally, the
engine was tested with both catalysts placed in series (A—>B) along with the injection
stream before catalyst B. The results showed that the second catalyst was about 90%
efficient, in the 1.5 KW load, and about 80% efficient in the 3.0 KW load, in reducing
hydrocarbon emissions. The performance of the combined catalyst system was less
efficient probably because of the increased pressure drop due to the B catalyst.
In contrast, White et al. (1991) selected four lawnmower engines from 4.5 to 15.6 hp,
since they represented the most popular engine types in the small utility engine category.
The researchers followed the J1088 Test Procedure in which the engines were tested at
different but predetermined speeds and loads. Catalytic devices were installed in the 4.5
and 5 hp engines. A metallic type catalyst with 400 cpsi and Pt/Pd=2/1 was installed on
the 4.5 hp engine. Exhaust emissions analysis showed that HC were reduced by 52%

whereas the reduction increased to 88% when secondary air, at a rate of 0.22 scfm, was
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injected. A similar conclusion was reached, when a ceramic type catalyst, with 300 cpsi
and Pd/Pt=4/1, was placed in the 5 hp side valve engine. According to the same report,
total hydrocarbons were reduced by 42%; the conversion efficiency was more than
satisfactory, up to 99%, with the injection of supplemental air stream. A careful look at
the results indicated that the combination of catalyst and air injection, resulted in emissions
that met even the 1999 California standards for small utility engines.

The efficient operation of a catalytic converter, however, is not only a function of
the concentration of oxygen present in the exhaust. The temperature environment
influences significantly the catalyst efficiency too. More specifically, catalytic related
studies (e.g. Kummer, 1981, Church, 1989) indicate that catalysts do not display any
appreciable activity until they reach the light-off temperature which is usually defined as
the temperature at which 50% or more conversion efficiency is achieved. Similarly,
Donahue et al. (1986) reported that variation of catalyst surface area (catalyst size) was
associated with significant percentage variation in hydrocarbon conversion efficiency.

Catalytic behavior of individual hydrocarbons, however, does not follow the same
trend as that of THC. In particular, oxidation catalysts have an affinity for oxidizing the
more reactive hydrocarbons. [Generally speaking, the higher the carbon-atom number, the
more reactive the compound becomes]. As a result, olefins, isoparaffins and cycloparaffins
are oxidized more readily than aromatics and acetylenes. Methane and ethane are the most
refractory hydrocarbons and difficult to oxidize catalytically. However, the catalyst
becomes more efficient as the reaction temperature increases (Edwards, 1977).
Additionally, the variation of the composition of the catalytic material (noble metals),
results in different reaction rates for the oxidation activity. For instance, Heywood (1988)
concluded that palladium (Pd) displays higher specific activity for the oxidation of

methane and olefins, than platinum (Pt). Conversely, Pt is more active than Pd when
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paraffins are to be oxidized whereas both noble metals possess similar activity
characteristics during the oxidation of aromatic hydrocarbons.

Due to the fact that catalytic oxidation reactions depend on many different
parameters, it is quite difficult for a catalyst to demonstrate similar activity during the
oxidation of individual hydrocarbons. The operating temperature of the catalyst has been
proven to be the most critical factor that determines the initiation of a catalytic reaction.
Snape (1977) reported that oxidation of benzene and toluene required ignition
temperatures of 180°C and 170°C respectively while for the oxidation of methane, an
ignition temperature of 300°C was required. Moreover, for a 90% conversion of benzene
and toluene the exhaust gas inlet temperature to the catalyst should be kept in the range of
250-300°C. Methane's oxidation is less than 90% efficient, unless the temperature of the
exhaust gas entering the catalytic converter remains within 400°C and 450°C. In practice,
however, Jackson (1978) concluded that almost all of the automotive-type catalysts
demonstrated limited oxidation capabilities for methane whereas they were quite efficient
in oxidizing nonmethane hydrocarbons (NMHC) especially olefins. Note that pertinent
data for small engines were not available at the time of edition of this section and
consequently catalyst automobile studies remained the only source of information. In one
of these studies, Heimreich (1991) used a special experimental three-way catalyst
developed by Allied Signal. Since the main target was benzene oxidation, the
manufacturers formulated the catalyst in order to impede the dissociation (dealkylation) of
higher aromatics in the exhaust because they remain one of the main sources of benzene
formation. Surprisingly enough, not only benzene survived the catalytic combustion, but
also its concentration was increased significantly. Additionally, toluene, total hydrocarbons
and NOx emission rates increased as well. Obviously the specific formulation applied to

the catalyst impaired somehow its oxidation capabilities. In contrast, when a high-
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temperature catalyst (made to withstand higher temperatures than the standard catalysts)
was installed at the exit of the exhaust manifold, emissions of benzene and toluene were
reduced by 27% and 35% respectively.

According to all information presented so far, catalytic oxidation efficiency of both
individual and total hydrocarbons seems to be related primarily to the temperature of the

exhaust gas entering the catalyst which should be maintained above 250°.
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III. METHODS AND MATERIALS

Description of Experimental Setup and Procedure
A small portable Honda generator (EG 1400X) with the following specifications
(Tables 4, 5) was used for the experimental work:

Table 4. Engine Specifications.

Type GX110, 4-stroke, Over Head Valve, Single Cylinder
Displacement 107cm3 (6.6in3)

Bore x Stroke 56 x 41mm (2.2 x 1.6in.)

Compression Ratio  8.7:1

Max Power 3.5 hp at 3600 rpm

Max Torque 0.7 Kgm (5 1b-ft) at 2800 rpm

Fuel Unleaded gasoline

Table S. Generator Specifications.

Type Self-exciting, 2-pole, rotating field type
Max output 1.4 KVA

Rated output 1.2KVA

Rated voltage 120V

Rated current 10A

Rated frequency 60 Hz

DC output 12V-83 A

The engine was modified, so basic engine measurements could be made. First of all, the
presence of pulsations both in the intake and the exhaust, required the installation of surge
tanks (dampeners) in these areas (Figure 1a). The intake tank was a five-gallon (19 L) plastic
container (carboy) which was connected to the intake duct, instead of the air filter. The
exhaust surge tank, an aluminum desiccator having a volume of approximately 6.3 L, was
connected to the exhaust pipe. According to Taylor (1968), the size of the dampening
chambers should be at least 50 times the engine displacement. As a result, for this test engine,
the minimum volume required for the surge tanks was 5.4 L (50x0.107 L).

A Laminar Flow Meter (LFM) was attached to the top of the intake dampening tank in

order to measure the pressure drop developed by the incoming air flow. Pressure drop was
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measured by means of an inclined manometer. The manufacture of the LFM, shown in Figure
3, involved the machining of a large aluminum cylinder to predetermined dimensions. After
that, two ceramic elements! (10.5 cm in diameter), similar to those used for catalytic
substrates, were placed into the cylinder. The first piece was used as a flow straightener,
whereas the second was the actual measuring element. Because the Reynolds numbers within
the ceramic pieces were less than 2300, the flow was laminar and, consequently, the pressure
drop across the honeycomb was proportional to the volume flowrate through the
honeycomb. The equation that expresses the above mentioned relationship, is known as the
Hagen-Poiseuille equation (Massey, 1970, p145). The calibration of the LFM took place in
the Solids Fuel Combustion Lab in Mechanical Engineering using a precalibrated Meriam
laminar flow meter. In this standard flow meter, a pressure drop of eight inches of water
gauge, corresponded to a flow rate of 100 cubic feet per minute (cfm). The two flow meters
were connected in series; then, the selection of different pressure drops allowed the
recording of the corresponding flow rates. In Appendix A, Table A.1 shows the resulting
calibration measurements and Figure A.1 depicts the calibration curve for the laminar flow
meter.

The fuel flow was determined by measuring the amount of fuel that the engine
consumed from a burette within specific time intervals (one, two and three minutes) as
measured by a stop watch. The difference between the final and the initial burette reading,
divided by the time interval, gave the volume fuel flow rate. Conversion into mass rates
required the density of the fuel which was measured by accurately weighing a known volume

of fuel. For this experiment, a 89-octane, unleaded gasoline from Pilot Retail Station with a

1Cell density 400 cells/in.2
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density of 0.71 gr/mL, was used. Moreover, the purchase of a significant amount of fuel

(about 5 gal) provided a constant fuel composition2 for the whole experiment.

2Fuel composition (volatility) changes with the seasons.
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Figure 3. Schematic of the Laminar Flow Meter.
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A General Radio 1531-AB Strobotac® stroboscope provided engine speed
measurements at the different operating conditions (different loads). The instrument was
calibrated at 3600 Hz by using the 60 Hz frequency from the power line. During the
measurements, the stroboscope's lamp was directed to the rotating crankshaft allowing the
proper adjustment of the frequency in order to coincide with the engine speed.

The load applied to the generator consisted of a portable hair dryer with low and high
power settings. Additionally, another switch provided three more modes of operation (warm,
medium, and hot) for both low and high power settings. For research purposes two settings
were selected: Low (620 W) and High (1100 W). These two conditions represented 50% and
92% of the rated output of the generator and as a result they simulated the actual load levels.
Operation of the engine under 100% of the rated load (1200 W) resulted in engine stall and
consequently, this load was not applied.

A Micronta digital multimeter and clamp on ammeter measured the generator output
voltage and load current respectively. These electronic meters did not require any calibration.
By assuming a power factor of one (cosp=1), which means that the load was resistive, the
generator power level was reported as the product of the measured voltage and current.

Allied-Signal supplied a platinum catalyst which was installed in the engine exhaust
manifold. The catalyst measured 5.1 cm (2 in.) long by 3.8 cm (1.5 in.) in diameter, with a
cell density of 400 cells per square inch.

Figure 4 shows the catalyst element placed in a 5.1 cm (2 in.) long x 3.8 cm (1.5 in.)
diameter pipe after wrapped around by an intumescent material (material that expands when
heated) known as Interam ™ which is produced by 3M. The pipe required machining to allow
the installation of the catalyst unit. The Interam™ consists of ceramic fiber material that

expands into low
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density insulation blankets when exposed to high temperatures. As a result, the Interam™
acted not only as a catalyst support but also as a high temperature sealing mechanism.
Spherical end cap transition pieces attached to the pipe, allowed connection to the 3/4 in.
exhaust system where at the same time provided a more uniform flow distribution minimizing
the possibilities for flow separation (Lemme et al., 1974).

A Teledyne Max 5 combustion analyzer supplied by Olver Inc. facilitated the sampling
process because it was equipped with a sampling pump. Also, the sampling probe contained a
thermocouple which provided exhaust gas temperature readings at the sampling point. The
analyzer demonstrated limited capabilities in measuring exhaust gas constituents (CO, CO»,
HC, Oj) and as a consequence analysis of the samples took place in the Solids Fuel
Combustion Lab in Mechanical Engineering. The sampling probe was inserted
perpendicularly in a 3/4" pipe downstream of the exhaust surge tank in order to extract gas
as mixed as possible.

The sampling train included also, a tube containing Drierite. The Drierite remained
confined in the tube by pieces of cotton. The whole system removed moisture and particulate
matter from the exhaust gas. The exhaust gas then, passed through the Max 5 rotameter on

its way to a 12-L Tedlar® bag as seen in Figure 1.

Standard Emissions Measurement

The sampling process for the first test condition started after the exhaust temperatures,
pressures and composition were allowed to stabilize. A thermocouple, when sensing constant
temperature, indicated that steady-state conditions had been achieved. Afterwards, the Max
5 combustion analyzer pump extracted a fraction of the exhaust gas (approximately 1%) at a
rate of 1.34 SCFM. A 12 L Tedlar® bag collected the dried exhaust gas which had passed

through the Drierite tube. Change of tube weight determined the amount of moisture present
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in the specific amount sample. A total of six bags were filled after each engine operation,
representing the six different test conditions: three load levels without the catalyst and three
load levels with the catalyst. The standard hydrocarbon analysis consumed 10-11 L gas from
each bag. The sampling time for the collecting of 12 L of gas ranged from 19 to 20 minutes.
These two facts made the 12 L Tedlar® bags a good size to use.

The analysis of the bagged gas for total hydrocarbons (THC), by means of a flame
ionization detector (FID). The CO and CO5 concentrations were measured by means of a
non-dispersive infrared analyzer. A paramagnetic analyzer measured Oy concentration. The
whole analysis took place at the Solids Combustion Fuels Lab in Mechanical Engineering.
The FID was calibrated by propane with known concentration (3120 ppm as C), after it had
been zeroed with zero air. Calibration of the NDIR required span gases with the following
concentrations: CO, 4.89% +0.02%, CO»>, 19.84%=+0.02. Finally the paramagnetic analyzer
was zeroed with nitrogen and calibrated with atmospheric oxygen at 21%. Determination of
these emissions, as volume percentage on a dry basis, provided useful information about the

air-fuel ratios, according to the Spindt method (see Appendix B).

Measurements of Individual Hydrocarbons

After the collection of the exhaust gas in the bags, a small portion (about 100 pL) of
the sample was injected into a HP 5880A gas chromatograph equipped with a flame
ionization detector and an integrator. The analytical process required the use of two different
columns: an Alltech Porapak R 80/100 (6' x 1/6" x 0.085") packed column for methane and
ethylene separation and a Supelco 1.75% Bentone-34 100/120 (6' x 1/6" x 0.085") suitable
for separation of aromatic compounds. Initially, the GC employed the Supelco column but
because of its limited performance in identifying light hydrocarbons such as paraffins and

olefins, the use of the Alltech became necessary. Implementation of Lipari's technique
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(Lipari, 1990) in which he used a capillary column with a cryogenic cooling, was not feasible
because the HP 5880A did not have the necessary equipment in order to perform a similar
analysis. Additionally, Lipari's method is more appropriate for separation of all the individual
HCs present in the exhaust gas.

The calibration of the GC was performed by certified gas phase standards of methane,
ethylene, benzene, and toluene purchased from Alfagaz Liquid Air. All four gases arrived, as
a mixture balanced with nitrogen, in a 30 AL cylinder which contained 460 L of the mixture
under a pressure of 73.5 atm (1080 psig). Serial dilutions were prepared in Tedlar® bags by
measuring known quantities of these gases with the Teledyne flow meter and diluting with
zero air (Lipari 1990). Figures A.2-A.S in Appendix A, show the developed calibration curve
for each gas.

The identification of methane, ethylene, benzene and toluene in the sample was
performed by comparing their retention times with those obtained from the standards. Tables
6 and 7 display the chromatographic conditions used for the analyses. Development of these

conditions resulted from experimentation and empirical selection.

Table 6. Chromatographic Conditions for Methane and Ethylene Analysis.

Column Alltech, Porapak R 80/100, 6' x 1/6" x 0.085"
Carrier gas Nitrogen, 36 ml/min

FID gases Air, 400 ml/min, Hydrogen, 30 ml/min
Temperature program 35°C, hold for 2 min,

15°C/min to 175°C

175°C, hold for 5 min.
Detector FID heated at 200°C
Sample size 0.1ml
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Table 7. Chromatographic Conditions for Benzene and Toluene Analysis.

Column Supelco, 1.75%,Bentone-34, 6' x 1/6" x 0.085"
Carrier gas Nitrogen, 36 ml/min

FID gases Air, 400 ml/min, Hydrogen, 30 ml/min
Temperature program 35°C, hold for 2 min,

10°C/min to 100°C
100°C, hold for 3 min.
Detector FID heated at 200°C

Sample size 0.1ml
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IV. RESULTS
This chapter presents the data collected during the different stages of the experimen-
tal program. The three parts are: 1) data from basic engine measurements, 2) data from stan-

dard emissions measurements and 3) data from individual hydrocarbon measurements.

Basic Engine Measurements

Table 8 shows the air intake flow rate (as calculated from the calibration curve in
Figure A.1), the fuel consumption rate and the speed (rpm) for the three power levels which
are presented as percentage of the rated load (1200W). Power output resulted from
measurement of both voltage and current. Note that the numbers separated by a hyphen for
each case, represent the lowest and highest measured value. However, the engine speed
remained constant for each specific load and did not vary significantly during the load
variation because of the governor. Appendix D contains the data from each measurement.
Table 9 shows the same operating parameters with the catalytic converter installed.
Measurements of air and fuel with the catalyst, were made only once, because of problems
experienced the external fuel system (burette). However, fuel consumption increased about
1-3% since the catalyst placed an increased back pressure load on the engine.

Table 10 presents the calculated engine parameters: mass fuel rate, mass air rate, air-
fuel ratio, exhaust rate in mass and volume basis. Mass flow calculations were based on
density values of 710 g/L for the fuel and 1.2 g/L for the air at 25°C because the experiments
took place almost in the same environment in terms of ambient conditions. For instance the
temperature ranged from 20-25°C whereas the relative humidity varied from 30-40%.
Measurement of the exhaust gas temperatures (400°C, 450°C and 500°C for zero, low and
high load respectively) resulted in calculation of the exhaust volumetric flow rate by means

of the ideal gas law.

38



Table 8. Ranges of Engine's Operating Parameters.

No Load Low Load High Load
(0%) (50%) (92%)
Pressure Drop 0.025-0.03 0.035-0.04 0.05-0.055
(in HLO)
Air Flow (cfm) 1.8-2.15 2.5-2.85 3.6-3.95
Fuel Flow 5.8-5.83 11.5-11.6 15.5-15.7
(mL/min)
Speed (rpm) 3600 3580 3570
Voltage (V) 120 115.0-115.4 108-110
Current (A) 0 5.2-54 10-10.3
Power (W) 0 600-623 1080-1110
Table 9. Engine's Operating Parameters with the Catalyst.
No Load Low Load High Load
(0%) (50%) (92%)
Pressure Drop 0.03 0.04 0.055
(in HHO)
Air Flow (cfm) 2.15 2.85 3.95
Fuel Flow 6.0 11.9 16.0
(mL/min)
Speed (rpm) 3590 3570 3560
Voltage (V) 120 115.0-1154 108-110
Current (A) 0 5.2-54 10-10.3
Power (W) 0 600-623 1080-1110




Table 10. Calculated Engine's Operating Parameters.

No Load Low Load High Load
(0%) (50%) (92%)

Mass Fuel Rate 4.1-4.2 8.1-8.2 11-11.15
(g/min)
Mass Air Rate (g/min) 61.16-73.0 84.95-97.2 121.6-122.3
AF 14.8-17.6 10.3-11.9 10.9-11.2
Exhaust Mass Rate 65.3-77.2 93.2-105.3 132.8-133.3
(g/min)
Exhaust Volumetric 125.6-148.5 191.4-216.2 291.2-292.3
Rate (L/min)

Table 11. Calculated Engine's Operating Parameters with the Catalyst.

No Load Low Load High Load
(0%) (50%) (92%)

Mass Fuel Rate 4.3 8.4 11.4
(g/min)

Mass Air Rate (g/min) 72.0 96.0 133.0
A/F 16.9 11.4 11.7
Exhaust Mass Rate 76.3 104.4 144.4
(g/min)

Exhaust Volumetric 146.7 214.5 316.7
Rate (L/min)
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Standard Emissions Measurements

The exhaust gas analysis for CO, COp, HC and O concentrations allowed for the
determination of the air-fuel ratios by the Spindt method (see Appendix B and Spindt 1965).
Although, initially this method was used as a confirmation of the measured air-fuel ratios, it,
then, became the sole technique for A/F calculation. The reliability of this method has been
documented by various researchers such as Eccleston et al. (1972), and Swiatek et al
(1989). Table 12 depicts the variation of the exhaust gas constituents under the three load
levels along with the calculated A/F. Also, Appendix D reports the results from the individual
measurements. Table 13 presents the same parameters, but after the installation of the
catalyst.

Both Tables 12 and 13 indicate that the engine operated at a relatively stable condition.
The oxygen concentrations (No Load, w/out catalyst) ranged from 1% to 2.5%. The AF
changed by approximately 10%, as shown in Tables 12 and 13. In all cases, the engine
operated always under rich conditions as indicated by the air-fuel ratios which were less than
the stoichiometric value of 14.6. A comparison of the measured and calculated A/F, shows a
large variation of 30% to 35% especially in no load conditions. In other words, the engine
operated (with and without the catalyst) at an A/F above the stoichiometric value (14.6),

according to the measured parameters (Tables 10-13).
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Table 12. Variation of Exhaust Gas Composition without the Catalyst.

No Load Low Load High Load
(0%) (50%) (92%)
CO (%) 7.0-7.4 7.0-7.2 6.4
CO% (%) 8.6-8.9 9.5-10.1 10.3-10.5
07 (%) 1.0-2.5 0.4-0.7 0.4-1.1
HC (ppm) 5630-5700 4170-4250 2750-2760
AF 11.5-12.6 11.6-11.9 12.0-12.4
Table 13. Variation of exhaust Gas Composition with the Catalyst.
No Load Low Load High Load
(0%) (50%) (92%)
CO (%) 6.5-7.4 7.0-7.2 6.1-6.2
CO» (%) 9.3-10.6 9.4-9.5 9.8-10.5
0y (%) 0.4-0.7 0.5-1.0 1.0-1.8
HC (ppm) 3770-3810 3670-3680 3590-3600
AF 11.5-12.2 11.7-12.0 12.4-12.8
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Individual Hydrocarbon Measurements

Figures 5-8 present the individual hydrocarbon emissions of methane, ethylene,
benzene and toluene with and without catalyst, under three load levels and for two trials.
Each bar represents the average of three gas chromatograph measurements. More
specifically, the variation of the actual values from the average was less than 1%; therefore
average values demonstrate quite accurately the behavior of each compound under the
different operating conditions.

Methane concentration decreased about 10% in zero load, as a result of the catalytic
oxidation. However, the catalyst efficiency ranged from 5% to 6% and from 7% to 8% in the
low and high load respectively. Figure 5 indicates that methane concentrations of the first
trial, were lower (about 22%-30%) in all operating levels, except the catalyst/high load
condition. More importantly, the catalyst did not demonstrate any oxidizing capabilities, as
the methane concentration increased as much as 17% with the catalyst at low load. Tables 14
and 15 detail the catalyst behavior for each compound under the different load conditions.

Ethylene concentrations not only remained unaffected by the catalytic converter, but
also a significant concentration increase was recorded in the first run. In contrast, benzene's
oxidation reached high levels of nearly 40%. However, the catalyst results did not display the
same behavior at the second trial (Table 14).

Similarly, the concentration of toluene was catalytically reduced as much as 60% at the
high level condition. On the other hand, toluene behaved as a non-reactive compound, as

Table 15 indicates (only 3-6% reduction).
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Table 14. Variation of Catalyst Efficiency (%) at First Run.

No Load Low Load High Load
(0%) (50%) (92%)
Methane 32-33 (16-17)" -(2-5)
Ethylene 0.5-1.0 -(27-40) -(6-6.5)
Benzene 39-40 22.5-24 25.5-27
Toluene 33-35 53-56 58-63
*Indicates increase of concentrations with the catalyst.
Table 15. Variation of Catalyst Efficiency (%) at Second Run.
No Load Low Load High Load
(0%) (50%) (92%)
Methane 10-11 5-6 7-8
Ethylene 47 no effect 10-12
Benzene 4-5 6 1-2
Toluene 4-5 5-6 3

*Indicates increase of concentrations with the catalyst.
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V. DISCUSSION

This chapter discusses the results presented in chapter IV. Information reported in this

section is obtained from both this research and other pertinent publications.

Basic Engine and Standard Emissions Measurements

The measured values of the engine operating parameters such as speed and generator
output did not show any significant variation from the wvalues provided by the engine
manufacturer. For instance, the engine's speed dropped to 3560 rpm from 3600 rpm at the high
load condition. However, the engine did not perform at the 100% rated load. As a matter of fact,
an attempt to load the engine at 1200W, resulted in engine stall; and, as a result, 1100W became
the high load level (92% of rated load). Also, according to the specifications, fuel consumption at
rated load was 16.2 mL/min whereas the measured one ranged from 15.5 mL/min to 16.0
mL/min. Higher fuel consumption probably resulted from the increased back pressure load that
the piping system introduced to the engine.

Measured air-fuel ratios varied by 1-2% from the average and most of them agreed with the
values calculated from the exhaust gas constituents (see Tables 10-13). However, a significant
discrepancy (as much as 36%) is shown between the measured and the calculated A/F at the no
load conditions with and without the catalyst. Factors such as the exhaust gas composition (CO
concentration about 7%) tend to indicate that the engine operated under rich conditions.
Therefore, the measurement of the air-fuel ratio seemed less reliable than the Spindt technique.
Many researchers such as Eccleston (1972) and Heywood (1988), relied solely on the Spindt
method for determining the A/F.

Also, carbon monoxide emissions, 7% at low load and 6% at high load, indicate that the
engine does not comply with the 1994 standards (Table 1). More specifically, 7% CO is
equivalent to 500 g/KW-hr, which is almost twice the proposed standard 224 g/KW-hr. Similarly,
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at the high load conditions, CO emissions were about 6% or 236 g/KW-hr which is just above the
1994 standard.

Individual Hydrocarbon Measurements

Tables 12 and 13 indicate that the catalyst reduced the THCs about 50% and 15% at zero
and low load, respectively. White et al. (1991) reported similar catalytic efficiency for a 4.5 hp
overhead valve walk behind mower engine. However, THCs at high load increased with the
catalyst. This indicates that the catalyst demonstrated negative oxidation capabilities. According
to Swiatek et al. (1989), one possible explanation is that the catalytic converter increased the
back pressure on the exhaust system and therefore the load on the engine which resulted in
alteration of the air-fuel ratio towards richer operation and higher HC emissions. The calculated
air-fuel ratios did not support the above mentioned suggestion.

Methane is recognized as the most stable hydrocarbon. Therefore, oxidation reactions of
methane require an elevated light-off temperature (at least 300°C) when compared to other
hydrocarbons (Jackson, 1978, Snape, 1977). In this case, catalyst use oxidized methane (up to
33%) or resulted in higher methane exhaust concentrations at both low and high loads for
unknown reasons. Catalytic behavior was more consistent during the second trial than the first.
No explanation is known to justify the different catalyst performance at the three load levels.

Figure 6 displays the concentrations of ethylene exhaust concentrations with and without
the catalyst. Note that ethylene concentrations were essentially the same, except during the first
trial, where a 30-40% increase was recorded with the catalyst under low load conditions. A minor
10% conversion efficiency, does not clearly suggest anything about catalyst performance because
ethylene ranks among the first compounds in the reactive hydrocarbon category; and, therefore,
oxidation should have occurred under the testing conditions. Its likely that ethylene had reached
ignition temperature since the catalyst was less than 20 cm from the exhaust manifold. However,
the presence of limited oxygen in the exhaust, since the engine operated under rich conditions, can

serve to explain the lack of ethylene conversion. Kummer (1981) suggested that platinum coated
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catalysts (as used in this study) demonstrated lower specific activity for olefins than the palladium
coated catalysts.

In contrast with methane and ethylene, benzene concentrations were reduced by as much as
40% at the zero load condition. It remains unclear why the catalyst conversion efficiency
decreased with load and eventually with temperature increase. The catalyst light-off activity
showed increase as the temperature increases, which was the case for the low and high load
levels. This would have taken place, if the oxygen levels in the low and high loads were less than
the oxygen content at the zero load condition.

The platinum catalyst displayed high conversion efficiency for toluene in at least one engine
run. More specifically, a reduction of about 60% was recorded during the high load, operation
mode. Both Table 14 and Figure 8 indicate that the catalyst became more efficient as the
temperature increased (along with the load increase). However, during the second run only a
small reduction of both benzene and toluene was achieved (from 2% to 6%).

The differences in the performance of the engine regarding the emissions of individual
hydrocarbons with and without the catalyst between the two trials, does not imply that the engine
operated under significantly different conditions. On the contrary, the major factor that affects the
exhaust emissions, air-fuel ratio, ranged from 11.5 to 12.5. This variation does not justify
significant changes in the emissions similar to those recorded. The type of the fuel remained the
same during the whole experiment, in order to limit changes in the fuel-derived hydrocarbon

composition.
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VI. CONCLUSIONS-RECOMMENDATIONS

The platinum catalyst reduced benzene and toluene exhaust concentrations, whereas
ethylene emissions remained catalytically uncontrolled. There was, also, an indication of methane
conversion but the nature of the data do not allow any conclusive results. These conclusions can
not, however, provide a general trend of the specific catalyst behavior regarding individual
hydrocarbons. The reason is that the engine exhaust emissions varied between two different trials,
although the operating parameters (A/F) tend to indicate the opposite. With the sampling facility
used, samples could not be obtained before and after the catalyst during the same trial. This
approach would be more indicative of the catalyst performance under the same conditions.

Finally, the need for more data on individual hydrocarbon emissions from small engines is
illustrated by the speculative nature of many of the observations made here. This is not surprising,
as small engine emissions are highly variable, even for the same engine. More importantly,
verification of the results of this study, may have a major impact on small utility engine emission

regulations in the future.
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APPENDIX A -CALIBRATION DATA-CURVES

Table A.1 - Laminar Flow Meter Calibration Data

ME dp Flow Rate ENE dp Slope Intercept ~ Correlation
(in H20) (cfm) (in H20)  (cfm/in H20) (cfm)

0.0 0.0 0.000

0.2 25 0.035

04 5.0 0.070 71.4 0.0 1.0000
0.6 7.5 0.100 73.6 0.0 0.9993
0.8 10.0 0.135 73.9 0.0 0.9997
1.0 12.5 0.165 74.7 0.0 0.9997
1.2 15.0 0.195 75.6 0.0 0.9996
14 17.5 0.215 77.4 0.0 0.9981
1.6 20.0 0.240 79.1 0.0 0.9973
1.8 225 0.250 81.6 0.0 0.9936
2.0 25.0 0.275 83.7 0.0 0.9927
2.2 27.5 0.300 854 0.0 0.9930
24 30.0 0.320 87.0 0.0 0.9931
2.6 325 0.330 88.9 0.0 0.9918
2.8 35.0 0.350 90.7 0.0 0.9912
3.0 37.5 0.370 92.3 0.0 0.9911

Figures in italic indicate non-linear region.
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APPENDIX B-SPINDT METHOD

Calculation of Air-Fuel Ratio

The following TURBO-BASIC program determines the Air-Fuel ratio according to Spindt
method (Spindt, 1965). More specifically, he developed an analytical method, that
calculates the A/F ratios from the exhaust gas analysis. The gases involved in the
calculation are: CO, COy, Oy, and THC. Also, it is assumed that CgHq5 is quite

representative of the fuel actual composition.

CLS
PRINT "*****xxxxAJR FUEL RATIO FROM EXHAUST GAS ANALYSIS*****xx
PRINT : INPUT "ENTER THE CO PERCENTAGE PCO="; PCO

PRINT : INPUT "ENTER THE CO, PERCENTAGE PCO,="; PCO,

PRINT : INPUT "ENTER THE O, PERCENTAGE PO,="; PO,

PRINT : INPUT "ENTER THE HC PERCENTAGE PHC="; PHC

R = PCO / PCO,

Q= PO, /PCO,

FU = PHC /(PCO + PCO5 + PHC)

FB=1-FU

PRINT : PRINT "****xxxx TYPICAL GASOLINE MIXTURE C8H15 ****#xx"
FC=12*8/(12*8 + 15)

AF=FB * (11.492 * FC* (1+ R /2 + Q) /(1 + R)) + (120 * (1 - FC) / (3.5 + R)))
PRINT: PRINT"  AIR-FUEL RATIO A/F="; AF
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APPENDIX C-SIZING A CATALYST
SIZE REQUIREMENTS OF CATALYTIC CONVERTER

The determination of the dimensions of the catalyst will be based on the following
assumptions:

* The volume of the ceramic honeycomb is half of the engine displacement.1
In order to achieve CO and HC oxidation, the space velocity should be in the

range of 20,000-100,000/hr. More specifically, the homogeneous oxidation of HC
and CO, requires a residence time of 50 ms or more (SV<75,000/hr).1

Sample Calculation

Engine Displacement : Ven -107cm’

Volume of the substrate according to the

previous assumption: Vs - 53.5cm>

Assume Space Velocity: SV = 60000Ar ~1
or retention time: T = 60ms

For a cylindrical monolith we have :

2
D71 v (LetL/D=2)
4 s
2V . .
= D =3~— =D =3.25¢m (1.27in) and L = 3.6cm (1.42in)
n
4V .
ForL/D=3 =>D=33—=>D=3cm(1.21n)
n

L =9cm (3.5in)

13 T KUMMER, Catalysts for automobile emission control, Prog. Energy Combust. Science, vol.6 pp.177-
199
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SV=V“”

s

V., =SV -V, = 60000hr ' -53.5cm’ S NN
60000

where Vepx=exhaust flow rate (L/min)2

V., =53.5L/min (2 cfm) at STP.

2HANSEL,J.G. et al., The Influence Of Vehicle Parameters On Catalyst Space Velocity And Size
Requirements. SAE paper 740247.
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APPENDIX D-MEASURED ENGINE & EMISSION DATA

Table D. 1. Data collected in 4/1/93 (No catalyst measurements)

Without Catalyst With Catalyst
Load Levels 0% (No)  50% (Low) 92% (High) [ 0% (No) 50% (Low)  92% (High)
Temper. °C 24 24 24 - - -
Rel. Humid.% | 60 60 60 - - -
Speed (rpm) 3600 3580 3560 - - -
Voltage (V) 120 1155 108 - - -
Current (A) - 52 10 - - -
Power (W) - 601 1080 - - -
H»O (gr) 0.282 0.208 0.206 - - -
Fuel (mL/min) | 5.8 11.6 15.2 - - -
Air Rate(cfm) | 1.8 2.5 3.6 - - -
AF 14.6 12.13 12.1 - - -
CO (%) 1.72 7.2 6.3 - - -
COy (%) 12.83 8.7 10.6 - - -
0, (%) 1.55 1.8 0.56 - - -
HC (ppm) 2370 5770 4520 - - -
CHy (ppm) - - - - - -
CoHy (ppm) | - - - - : :
Cetle (ppm) | - - - - - -
C7Hg (ppm) | - - - - - -
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Table D. 2. Data collected in 4/8/93 (No catalyst measurements)

Without Catalyst With Catalyst
Load Levels 0% (No)  50% (Low) 92% (High) | 0% (No)  50% (Low)  92% (High)
Temper. °C 26 26 26 - - -
Rel. Humid.% | 54 54 54 - - -
Speed (rpm) 3590 3580 3560 - - -
Voltage (V) 120 115.6 1090 - - -
Current (A) - 53 10 - - -
Power (W) - 613 1090 - - -
H,O (gr) 0.384 0.296 0.4 - - -
Fuel (mL/min) | 5.81 11.5 15.65 - - -
Air Rate(cfm) | 1.85 2.7 3.58 - - -
AF 14.9 11.3 12.4 - - -
CO (%) 1.0 7.56 5.36 - - -
COs (%) 13.4 8.8 10.8 - - -
07 (%) 1.5 0.67 0.71 - - -
HC (ppm) 1550 5150 4900 - - -
CHy (ppm) - - - - - -
CoHy (ppm) | - - - - - -
CeHg (ppm) | - - - - - -
CHg (ppm) | - - - - - -
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Table D. 3. Data collected in 6/1/93

Load Levels
Temper. °C
Rel. Humid.%
Speed (rpm)
Voltage (V)
Current (A)
Power (W)
H0 (gr)

Fuel (mL/min)
Air Rate(cfm)
AF

CO (%)

O, (%)

02 (%)

HC (ppm)
CHy (ppm)

CoHy (ppm)

CeHg (ppm)

C7Hg (ppm)

Without Catalyst With Catalyst

0% (No) 50% (Low) 92% (High) | 0% (No) 50% (Low) 92% (High)
23 23 23 23 23 23

40 40 40 40 40 40

3600 3580 3560 3590 3570 3560

120 115.5 110 - 115.6 109

- 54 10 - 52 9.9

- 624 1100 - 601 1080

0.269 0.323 0.353 0.315 0.314 0.302

5.82 11.3 15.7 6.0 11.9 16.0

1.80 2.70 3.6 2.10 2.85 3.7

12.6 11.9 12.45 12.15 12.0 12.4

7.05 7.02 6.4 6.5 7.05 6.25

8.6 10.1 10.5 10.5 9.5 10.5

25 0.73 1.0 0.7 1.0 1.0

5630 4172 2750 3770 3670 3596

9563, 5014, 5205, 5123, | 7158, 5874, 5328, 5355,
9658,9768 5232,5342 5123 7336,7377 5984,6257 5396

4969, 2613, 2725,2731, | 4913, 3319,3394, 2900, 2913,
5025, 5088 2725,2769 2763 5050, 5063 3438 2931
473,478, 395,395, 364,369, 340, 341, 319, 320, 287, 288,
487 396 370 347 323 295
486,487, 652,660, 593, 598, 361,362, 419, 433, 365, 372,
488 663 600 367 438 381
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Table D. 4. Data collected in 6/8/93

Load Levels
Temper. °C
Rel. Humid.%
Speed (rpm)
Voltage (V)
Current (A)
Power (W)
H0 (g1)
Fuel (mL/min)
Air Rate(cfm)
AF

CO (%)

COy (%)

02 (%)

HC (ppm)
CHy (ppm)

CoHy4 (ppm)
CeHg (ppm)

C7Hg (ppm)

Without Catalyst With Catalyst

0% (No) 50% (Low) 92% (High) [ 0% (No) 50% (Low) 92% (High)
25 25 25 25 25 25

55 55 55 55 55 55

3600 3580 3560 3590 3570 3560

120 115.4 109.5 - 115.5 109

- 53 10 - 5.4 10

- 612 1095 - 623 1090
0.375 0.385 0.338 0.357 0.354 0.346

5.81 114 15.6 5.9 11.9 15.9

1.80 2.70 3.6 2.10 2.85 3.7

114 11.6 121 11.5 11.7 12.8

7.42 7.22 6.4 7.34 7.2 6.18

8.95 9.54 10.3 9.26 9.45 9.8

0.7 0.43 04 0.4 0.56 1.8

5700 4250 2760 3800 3670 3600
11776,118 6831, 5205, 5301, | 10574,106 6503, 6551, 4836, 4918,
00,11912  6878,6954 5314 15,10751 6557 4973
5734, 3419, 2781, 2788, | 5969, 3438, 3456, 3475,2513,
5738,5800 3463,3500 2825 5994,6050 3469 2550
351,357, 322,329, 268,270, 335,344, 304, 305, 262, 266,
362 331 271 347 312 267
345,346, 414,421, 359,364, 331,342, 389,398, 347, 348,
359 423 365 343 400 354
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Figure E.1 Sample chromatogram of methane and ethylene.
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Figure E.2 Sample chromatogram of benzene and toluene.
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