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ABSTRACT

The “Freedom Car” Initiative enacted by the BushmAaistration has placed
significant emphasis on the development of a hyeinogconomy in the United States.
While hydrogen fuel-cell vehicles have been theuoof recent media attention, near
term implementation of hydrogen as a combustioraeoér is a more reliable pathway
for wide-scale hydrogen utilization within the netdn years. Through combustion
analysis, hydrogen addition to natural gas has shimwincrease thermal efficiency and
reduce CO, NO and hydrocarbon emissions (UHC) uiss on stationary test cell
engines. On-road vehicle studies testing hydrogdoral gas blends show emissions
benefits and increase in fuel economy. However,roaat tests lack exhaustive
combustion analysis to explain what is occurringhi@ cylinder. In this study, the effect
of a 33 percent volumetric blend of hydrogen (HCNiB) natural gas combustion was
investigated in a 5.4L spark-ignited engine in adH&-250 van. In-cylinder combustion
analyses were performed and untreated exhaustiengsawere measured at 15 and 30
mph with road loads of 10, 20 and 30 horsepowedrblyen increased the flame speed
reducing time for flame kernel development and costibn duration. However, the
hotter burn lost more heat to the surroundings thredmal efficiency of HCNG was
lower than natural gas. Increasing engine speedsniffed reduction in combustion
duration created by hydrogen. As load on the engmgecased, hydrogen-influenced
reduction on burn time was reduced. Heat and tmgtiosses reduced the thermal
efficiency of the combustion. More complete comhtarsivith hydrogen reduced carbon-

based emissions and bulk cylinder temperature aserérove increased NO formation.
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Chapter 1

Introduction

1.1 Motivation

Over the past decades natural gas has become &apafiarnative fuel for the
growing transportation sector. Light-duty vehiclesning on natural gas represent a
maturing technology, while natural gas heavy-duansit vehicles are popular in urban
areas. As a fuel source for large scale for trarigpon needs, natural gas provides
advantages in automotive technology because adéntssions benefits in comparison
with diesel and gasoline engines. The chemicakstira of the fuel is advantageous as
the carbon-hydrogen bonds in methane reduce cadbmnde emissions per unit of
energy compared diesel and gasoline.

However, there are several drawbacks with natuaal gngines, particularly in
efficiency and emissions as engines must meetasuorgly stringent U.S. government-
mandated requirements. Among hydrocarbons, metltheanain component in natural
gas, has the slowest flame speed [1]. This redtlvesnal efficiency by increasing
energy losses due to heat transfer. Because oéfsent burning, significant amounts
of methane remain in the exhaust after a combustyote is completed. The unburned
methane expelled to the atmosphere can negateudte feduction in carbon dioxide
emissions because it has 21 times the global warmpatential [2] of carbon dioxide.

Another issue in natural gas engines is maintaipirggper engine control with varying
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fuel composition. Hydrocarbon content in naturak gan vary, with the volumetric
content of methane ranging from 70 to 96 percehe Electronic Control Unit (ECU)
adjusts the intake composition and spark timinggdam an incorrect assumption of fuel
energy, creating combustion conditions that reduagne efficiency.

Other conditions which the natural gas vehicle sidumust deal with include
fuel storage, distribution, and safety issues. Rt@lage tanks require aggressive safety
features such as stainless steel or carbon fib&s tavhich increase vehicle weight. Lack
of appropriate gaseous fuel infrastructure preveftsctive distribution to the entire
population. Safety considerations sway public aginivhich slows steps in research and
development of this technology [3].

Despite these drawbacks and hindrances, some amvare being made in
advocating the development of natural gas andratee fuels. The “FreedomCAR
(Cooperative Automotive Research)” initiative emacin January 2002, as well as the
Hydrogen Fuel Initiative announced by the Bush Adalstration in January 2003, places
a significant emphasis on the development of thérdgen economy (developing fuel
cells and designing the necessary infrastructurgfoducing, storing, and distributing
hydrogen) in the United States. While current tetbgy and infrastructure does not lend
itself to a commercial hydrogen economy, “hydro@ssisted” combustion is a more
realizable pathway for large-scale hydrogen utilerain the near future.

Despite the large amount of resources currentiihgealevoted to hydrogen
technology research, near-term implementation df¢gen in the transportation sector is
not yet a reality. To further research in this aaed as part of The Pennsylvania State

University’s initiative towards a hydrogen economg, partnership between the
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university, Air Products, and Collier Technologibas resulted in the creation of
hydrogen and hydrogen-compressed natural gas eshacld a fueling station for use in
university transportation and for research needs.

The potential of hydrogen to increase indicatednia efficiency and reduce
emissions in natural gas combustion has been igaésti for several reasons. First,
natural gas and hydrogen blend uniformly becausg #re both in a gaseous state at
standard temperature and pressure. Hydrogen hagher Istoichiometric laminar flame
speed in air than methane. Literature states pt]ah increase in laminar flame speed has
been shown to reduce the flame initiation stageoofibustion. This effect is even more
pronounced at light-load conditions, where comlmmstiuration is the longest. Another
advantage of hydrogen is that it increases theilisygabf combustion at leaner burn
mixtures, a characteristic that has been extensreslearched in natural gas combustion.
Finally, hydrogen and methane mixtures have beemvishto slightly reduce pumping

losses in the engine increasing the [5].

1.2 Objectives of Research

The objective of this research is to determine theylinder combustion
performance of natural gas and a hydrogen-natwasalldend in a vehicle equipped to
operate using either fuel. The plan calls for tegearch vehicle to be run at a set vehicle
speed and varying load conditions. The resultinglmastion performance is measured to
determine the effect of hydrogen on natural gashemtion. Hydrogen addition has been

shown to have a positive effect on combustion amis&ons in the literature, and
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correlations will be drawn that evaluate if thes#dhtrue in the data obtained in this
study. The hypothesis of this research is thag liktest cell engine research, hydrogen
will decrease the combustion duration, increashegindicated thermal efficiency of the
engine, while reducing carbon monoxide and unburfgdrocarbons emissions.

Increased gas temperatures will increase NO output.

1.3 Summary of Tasks

Due to the compactness of the efficient modern datyicle, data acquisition
instrumentation hardware had to be built arountitiygpackaged engine components.
Hardware to measure in-cylinder pressure and ceamie position were purchased,
designed, fabricated, and mounted onto the vehldie.vehicle itself was mounted on a
chassis dynamometer and run at set speeds and Usamty compressed natural gas
(CNG) and a 33 percent blend of hydrogen with casged natural gas (HCNG). A data
acquisition program was written in LabVIEW to regoreal-time cylinder pressures,
while emissions data were simultaneously recordgdguSensors Inc.’s Semtech-DS
emissions analyzer. Using a heat release calcolgirogram written in Matlab, the
combustion and emissions data were analyzed tandiet® combustion performance

across all test points.



Chapter 2

Literature Review and Background

2.1 Outline

To gain insight into how hydrogen affects naturat gombustion in an internal
combustion engine, it is essential to have a deaerstanding of the fuel structure and
properties of methane and hydrogen, as well apafksignition combustion principles,
differences in kinetic interactions, and vehicladng. In this chapter, a description of
the chemical structure and properties of methamkehgdrogen is given, followed by an
overview of the spark-ignited engine combustion cpss, combustion propagation
mechanisms, and the quantitative ways in which emtdn is measured. Finally,
previous research on hydrogen’s effect on natuaalambustion in engines and vehicles

is reviewed.

2.2 Chemical Structure and Properties of Methane and Hydrogen Fuels

Natural gas is a light hydrocarbon composed oharet (CH) and from O to 20
percent of ethane (Eg) and propane (§s). Nitrogen, helium, and carbon dioxide are
also found in trace amounts. Natural gas has thhelst ignition temperature of any
commonly used hydrocarbon fuel, and is the slowasting as well [6].

While engine manufacturers have produced engihas mun on compressed

natural gas (CNG), a more recent development isearsion of engines to operate on a
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hydrogen-natural gas blend fuel, which is commokhown as hydrogen enriched
compressed natural gas, or HCNG. By displacing soaweiral gas with hydrogen,
scientists and engineers have been attempting pooire combustion performance and
extend the lean-burn limit of methane, by blendintp 30 volume percent hydrogen in
natural gas. This process has generated enougtesntihat one company, Hythane
Company LLC, has patented a 20 volume percent btérftydrogen with natural gas
labeled “Hythane”.

Hydrogen addition has been shown to increase thiegfiiciency and reduce
carbon monoxide and unburned hydrocarbons by isgrgahe combustion quality of

natural gas [5]. Table 2-1 compares the fuel charestics of hydrogen and methane:

Table2-1: Hydrogen and Methane Fuel Properties [1]

Hydrogen (H) Methane (CH)
Equivalence Ratio ignition lower limit 0.10 0.53
Mass Lower Heating Value 119,930 50,020
Density of gas at STP (kgfn 0.083764 0.65119
Volumetric Lower heating Value at STP,
(kJ/nT) 10,046 32,573
Stoichiometric Air/Fuel Ratio 34.20 17.19
Volumetric Lower Heating Value in air at
stoichiometric conditions (kJ/fn 2913 3088
Hydrogen to Carbon Ratio 0.00 0.25

Because of hydrogen’s highly reactive nature, inbuaster and more completely than
methane. While this property makes hydrogen a pcargdidate for increasing overall
efficiency and reducing emissions, hydrogen is déss dense. Its displacement of

natural gas in the fuel reduces the in-cylinderrgynecontent, reducing power in a
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volumetrically equivalent charge of natural gase Mery low volumetric energy density

of hydrogen is one of hydrogen’s major drawbacks.

2.2.1 Hydrogen Production

Hydrogen is a common element found in many ndtucaicurring substances, yet
diatomic hydrogen (bj is not found naturally on earth. Hydrocarbon $uéf;Hy) and
water (HO) are the primary sources for hydrogen productibimrough a variety of
energy intensive processes, primary energy Sowwwes as coal, petroleum, and natural
gas are refined into synthesis gas, as shown Bg.i2-1, to produce hydrogen. Another
method used to produce pure hydrogen is to pasdrieleurrent through water to
separate its hydrogen and oxygen atoms. Hydrogensadn advantage over fossil fuels

because there are multiple pathways for hydrogeduymtion.

Hydrogen Pathways

Organic Waste S = -
| Biomass o Reformer oy

Figure2-1: Pathways to Hydrogen Production [7]
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The most mature technology used to produce hydragsteam reforming of natural gas.
Steam methane reforming (SMR) involves passingnstead natural gas over a nickel
catalyst at temperatures above 500°C. The two séder reactions responsible for
hydrogen production are as follows.

CH, +H,O0 - CO+3H, -49 kcal/mol 21

CO+H,O - CO, +H, +10 kcal/mol 29

During the process, steam is added in excess dttihehiometric requirement so that Eq.
2.2 will shift right to form hydrogen and carboroxide [8]. The Pennsylvania State
University uses a variant of this hydrogen-productstrategy. This advanced steam
methane reformer is the most cost-effective hydnogeoducer for small-scale

applications.

A pressure swing absorption (PSA) unit purifies iégulting gas to 99.99 percent
pure hydrogen, which is compressed and stored TBg purified hydrogen is then
recombined with unrefined natural gas to produceNBCIn comparison to the price of
pure natural gas, the cost of 80/20 and 90/10 blexidhatural gas and hydrogen is 8

percent and 15 percent greater, respectively[10].

2.3 Fundamentals of Combustion in Spark-ignited Engines

In order to better understand the role that hydnogkys in combustion, it is
necessary to review the fundamentals of combusti@park-ignited engines. In general,

the natural gas spark-ignited engine combustiongs® can be summarized as follows.
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At a suitable time during the intake stroke, gasefuel is introduced at a high
pressure into the engine cylinder by the fuel itiggrsystem through small orifices. The
fuel then mixes with throttled air coming in thrduthe intake manifold. A few crank
angle degrees of rotation before the piston reattiesop dead center (TDC) position,
the air-fuel mixture ignites when the spark plugties combustion in the cylinder,
causing the cylinder pressure and temperatured@ase rapidly. As the piston moves
further into the expansion stroke, the cylindersptge and temperature begin to decrease.
The combustion reactions are quenched as the eyliteimperature drops during the
expansion stroke. Details of the spark-ignited magiombustion process are introduced

in the following sections.

2.3.1 Spark-Ignited Stoichiometric Combustion of Hydrocarbons

Combustion is a rapid chemical reaction betweelicals that converts chemical
energy in the fuel to thermal energy via oxidatiéh Assuming that only major products
are formed, hydrocarbon fuels combust following Ilasic formula under stoichiometric

conditions.
CH,+ a(oO, + 376N,) - xCO, +% H,O + 376aN, 2.3

The stoichiometric air-fuel ratio can be found biihg the ratio of the mass of air to fuel

using Eg. 2.4 with Eqg. 2.3.

476a MW,
(A/ F)stoich = 2.4
1 MW,
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When the mass of fuel and air is adjusted, theuméxtan be considered fuel lean or fuel
rich, and the change is indicated by the equiva@eamatio. The equivalence ratio is the

ratio between the stoichiometric air-fuel ratio d@hd actual air-fuel ratio.

_ (ATF) goien 25
(A/ F)actual

2.3.2 Flame Kernel Development

Before combustion can take place, a source ofggnaust first be introduced. In
a spark-ignited engine, a spark plug initiates castibn, which develops the initial flame
kernel. The energy input is enough to sustain gamating flame, which in the first few
crank angle degrees exhibits characteristics @nairlar flame. This smooth, spherical
flame, which contains only minor irregularitiesyswnds the spark plug gap.

Because of the smooth shape of the flame, the fleameel development is highly
sensitive to variations in laminar flame speed amixture composition. Reduction in the
flame speed causes heat to be lost by conductidhetsurroundings, which leads to
cooler flame temperatures. With lower flame tempees, the flame kernel development
process approaches the point of extinction ancasad formaldehyde formation [11].

As the flame grows, it interacts with the tudmil flow field near the spark plug.
Because of distinct, uncontrollable variations ime tturbulence, the flame rarely
propagates the same way in each cycle, causing-tyatycle variation. Repetitive
variation in the cylinder can lead to early flamaegching and reduced combustion

performance. Once the flame kernel has developaa anturbulent flame, the most
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significant parameter controlling the remaininga propagation is the turbulent-kinetic

energy in the cylinder [12].

2.3.3 Combustion Kinetics

Combustion is governed by radical intermediatesewteacted with air. Radicals
require high temperature to form. These temperatare maintained during the reaction
by heat produced by combustion. Radicals initiatehain reaction, propagating the
radical formation throughout the system. The fatgfp in the combustion reaction is the
chain-initiating step in which two stable molecutedlide to form a stable molecule and
two radicals. Next, chain propagating and branckiegs involve the collision between a
radical and stable molecules resulting in the fdioma of one or two radicals.
Combustion is terminated when the radical pookegleted by interactions of the radicals
with the wall or through recombination. The nexttgms will explore the kinetics
involved in methane and hydrogen combustion, toageidea of why hydrogen benefits

combustion on a molecular level.

2.3.4 Methane Oxidation Kinetics

In HCNG combustion, the two primary types of oxida reactions involve
methane and hydrogen. This section will explore tt@ories behind the changes in
oxidation process.

The first step in the combustion of methane amdsaihe cleavage of a carbon-

hydrogen bond, resulting in the creation of a hgdroradical and a hydrocarbon radical.
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The carbon-hydrogen bond in methane has approxiynéiekilojoules more energy than
the same bond in long-chain hydrocarbons, leadindifficulty in methane-air ignition.
More energy is required to break the first bondh@ molecule, to initiate the reaction.
The chain initiation reactions for combustion, showelow, are classified as either low-
temperature or high-temperature reactions [6].

CH,+0, - CH, +HO, (low temperature) 26

CH,+M - CH, +H +M (high temperature) 27

2.3.5 Hydrogen Oxidation Kinetics

In the hydrogen-oxygen reaction system, the diatoa energy of hydrogen is
lower than that of oxygen. In hydrogen oxidatioasle forming H radicals advance
combustion in the early stages of the burn. Therdture [6] suggests that the chain-
initiating step for hydrogen combustion, is thddwling:

H,+0, - HO, + H (low temperature) 28

It is argued that because of its high energy reqguant, 435 kJ/mol, hydrogen will react

only at high temperatures during a collision wittotner molecule, as in Eq. 2.9.

H,+M - 2H + M (high temperature) 29

The pool of O, H, and OH radicals builds quicklyaingh a series of chain reactions:
H+O, - O+0OH 210

O+H, - H+OH 211

O+H,0 - OH +0OH 212
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These chain-branching reactions have very low atta energy, which advances

combustion rapidly at lower temperatures.

2.4 Measuring Combustion Performance

Combustion statistics can be computed from thecylmder pressure
measurements. Such statistics are useful in congadombustion performance
regardless of engine size, conditions, or as irsthgect of this study, fuel.

Measured cylinder pressure in an internal combnséngine is a function of
cylinder volume change, combustion, heat trangfehé cylinder walls, flow in and out
of crevice regions, and flow past the piston ringeessure measurements are used to
determine the approximate heat released in thendsti during the four-stroke cycle.
These data allow trends in the combustion proeebg determined.

This section will describe the approach used tdyaeahe cylinder pressure and

its use in determining the speed at which combusiczurs in the cylinder.

2.4.1 Mass Fraction Burned

Using pressure trace analysis to determine thetidra of the fuel burned in the
cylinder as a function of crank angle allows fog ttharacterization of the various stages
of the combustion process and to compare ratesxiolatoon [11]. While a popular
method to determine mass fraction burned is tathis&Veibe function, it is also possible
to approximate the fraction of fuel burned by usihg normalized values of cumulative

heat release. It must be taken into account thamhalized heat release at stoichiometric
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or rich conditions begins to deviate from the actoass fraction burned, as shown in the

modeled data in Figura2.
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Figure2-2: Normalized Heat Release and Mass fraction bufb&d

Not all of the chemical energy of the burned fuelreleased because of
dissociation and limited oxygen availability, aghitemperature and pressure conditions,
resulting in the discrepancy shown above. The ueded chemical energy is
approximated by the enthalpy of CO ang within the cylinder. Chun et al. [13] state
that in real-time pressure data, normalized hdatse is a reasonable estimate of mass
fraction burned because the dissociation level bellsmaller due to the effects of heat
transfer and crevice losses on peak temperatunetheopurposes of this study, the
normalized heat release determined by the heaseldata will equal the percent mass

fraction burned of the fuel.
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2.4.2 Ignition Delay

In a combustion chamber, ignition delay is goverbgdhe chemistry of the fuel,
the geometry of the combustion chamber, the air+fateo, and cycle-to-cycle variations
of combustion. Engine geometry and spark plug jmosidictate the flame front surface
area. The larger the area, the more fresh chamgermr and propagate the combustion
reaction. Also known as flame development anglejtimn delay is the crank angle
interval from spark discharge to when a significamtount of fuel chemical energy has
released. This quantity is usually 10 percent ef fnass fraction burned, but can also be
taken as 1 or 5 percent [11].

Heat release is computed using the derivative e$sure trace as a function of
crank angle. Small oscillations in pressure dataczaise significant errors in heat release
analysis. These oscillations are exacerbated atréwes of heat release. To reduce the
effect of noise, the crank angle interval from &ptiming to 10 percent mass fraction

burned is defined as the flame development anglsed in Swain et al. [4].

2.4.3 Combustion Duration

Combustion duration is the crank angle intervatlafing which the fuel burns in
the cylinder. This measurement is the interval leetw10 to 90 percent of the fuel mass
fraction burned. From a thermodynamic standpoim, lighest efficiency is achieved if
all of the chemical energy was released when tsi@piwas at top dead center. However,
achieving such a combustion rate is not only imgocak; but also would cause irreparable

damage to the engine. Manipulating engine condtiordecrease combustion duration is
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advantageous because it reduces heat lossesengivee. Engine speed is a major factor
in combustion duration: a four-fold increase in expewill increase the combustion

duration by a factor of 1.6 at stoichiometric cdiaohis [11].

2.5 Hydrogen Benefitsto Combustion

In the following section, the benefits of hydrogaddition to combustion of
natural gas are reviewed. Hydrogen fuel chemistomposition, and properties lend
itself to an increased efficiency, flame speed, aadical formation over those of

methane during combustion.

2.5.1 Increased Cycle Efficiency

The theoretical maximum of a constant volume cgoleversion of fuel energy to

usable energy is called the ideal cycle efficieany is calculated by Eq. 2.13.

1
”i,CV =1-— 2.13

y-1
rc

Ideal cycle efficiency is a function of compressimatio and specific heat ratioy)(
Specific heat ratio is a measurement of the degreégedom of a molecule—the more
degrees of motion in the molecule, the larger thenlmer of degrees of freedom. A
diatomic molecule, like hydrogen £ will have a higher ratio of specific heats a¢ th
same temperature and pressure than a 5-atom mmleldke methane (ChH [14].
Hydrogen at standard temperature and pressure ta® af specific heats of 1.4, while

the ratio for methane is 1.3. The ideal cycle @&ficy would be expected as more
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hydrogen is added to the charge, based on Eg. Effi@ency of an internal combustion

engine is shown in Figurz3 as a function of gamma and compression ratio.
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Figure2-3: Ideal cycle efficiency as a function of gamma anthpression ratio[15]

One of the main sources of inefficiency in a spgrkted engine is throttling of
the intake airflow coming into the cylinder. Thitotg results in less inducted air mass
and an increased pressure drop as the air is diaterthe cylinder during the intake
stroke. This reduces thermal efficiency becausa mduction in peak pressure attained
during combustion. However, it has been shown [tta mixture of 20 percent
hydrogen in natural gas when hydrogen blends ad, ssich pumping losses are reduced

contributing to a higher thermal efficiency.

2.5.2 Increased Flame Speed

Quicker burn time reduces heat transfer from tbe ih-cylinder gases to the

surroundings, resulting in efficiency gains. Durihg faster combustion that occurs with
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hydrogen and air, the thermal energy lost is onytd 25 percent of the total energy
released. Methane air combustion loses 22 to 3&pewof its energy through the same
convective heat transfer through the cylinder wdllse slower propagating flame speed
of stoichiometric methane combustion in air is 4@/ while an identical hydrogen and
air flame propagates at a rate between 265 anccB82$ [1]. Yu et al. [16] studied the
effect of hydrogen addition to the flame speed atural gas and found a linear
correlation between the addition of hydrogen armgiticrease of the methane-hydrogen-

air flame speed.

2.5.3 Rate-Limiting Factors

Because the process of combustion depends omitimation of radicals in order
to accelerate flame propagation, a larger pooadicals increases flame speed. However,
some radical reactions have a slow reaction raegbverns the speed of combustion in
the system. This reaction is known as the ratetilngistep because it controls how fast
the overall reaction occurs.

It has been hypothesized by Collier et al. [14ttthe rate-limiting step in the

combustion of natural gas is:

CH4+O[|]:| —»CH;+OH_ 214

It is further hypothesized that once €kt formed, the remaining major reactions
completing combustion to GOand HO proceed rapidly. In contrast to methane

combustion, hydrogen and air combustion producedrdxyl radicals rapidly at low
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temperatures. The formation of the hydroxyl radicedn help bypass the rate-limiting

step by the reaction [17]:

CH4+OH_|:|]:|—>CH;+HZO 215

The addition of hydrogen to methane increases tineer of hydroxyl radicals available
to strip the first hydrogen atom from the methar@etule. Bypassing the rate-limiting
step causes combustion to occur more rapidly.

This idea was investigated further by PriyadaféBi in his master’s thesis. By
using computer modeling of the entire reaction eyst he showed that methane

combustion in 30 volume percent HCNG combustidim#ed by Eq. 2.16:

CH4+H+|:|]:|—>CH;+H2 216

His findings confirm that the hydroxyl reaction Wwitmethane is a rapid reaction. This
result suggests that a higher concentration of dwdrradicals increases the speed of
combustion.

Detailed kinetic modeling in a jet stirred reactesis done by Dagaut et al. [19]
using modeling software. The group modeled thetlkisanvolved in both natural gas—
oxygen combustion, and hydrogen-natural gas-oxypgembustion at an equivalence ratio
of 0.3. Their study showed that in both cases, arethoxidation is completed via
reaction with OH radicals 72 percent of the timen€urrently, H and O radicals oxidize
methane 14 and 10 percent of the time, respectivaiyh 1.75 percent volumetric
addition of hydrogen, the percentage of methandined by OH is unchanged. From

this, it can be theorized that OH is the most ingoarreactant in methane oxidation.
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Modeling also showed hydrogen addition increakesrportance of the reaction
below.

H +HO, - OH +OH 217

Increased activity of Eq. 2.17 [19] increases Obkpnt in the system. The modeled 1.75
percent addition of hydrogen increases the presefc®H radicals by 17 percent.
Because of their earlier stated importance to nmethaombustion, the increased

availability of these radicals increases flame pgaggion.

2.5.4 Experimental Research on HCNG flames

H, O, and OH radicals are of extreme importancprapagating the combustion
reaction. The increase in radical formation seemmwdeling has also been observed
experimentally. Schefer [20] characterized flamacdtire using OH planar laser-induced
fluorescence. A comparison of natural gas flamezhdercent hydrogen and natural gas
flame on a burner produced the graph in Figsfe The figure shows that increased
hydrogen in the fuel increases the surface areheo©H radicals in the flame, allowing
more air-fuel mixture to oxidize. The increase iH Goncentration in the outer flame was
20 percent. OH radicals reduced 20 percent in curaton in the inner flame. The
increased radical availability increases the flastability, allowing it to run at leaner

conditions.
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Figure2-5: OH Signal Intensity in Natural Gas and 20 Per¢¢@NG[20]

2.5.5 Spark Timing Adjustmentsfor Optimization

While HCNG mixtures offer an advantage of comlrstover CNG, fuels cannot
simply be interchanged to obtain optimal efficien®esearchers have blamed poor
performance of HCNG on their failure to reprograrmalfand spark timing maps designed
to optimize natural gas utilization in the engi@é]

Nagalingam et al. [22] showed that faster-burnirtygirogen produces optimum
torque an average of 20 crank angle degrees bifatref natural gas. They also reported
retardation in optimal spark advance with HCNG tluéaster combustion in a research
engine running at 1200 rpm. At this point, peakieagower could no longer reach the
same level as with natural gas alone. Later rekelaycCollier et al. [23] showed that

optimal spark timing reduces from 40 degrees befope dead center (BTDC) to 36
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degrees BTDC when hydrogen is added to methaneudeddcombustion duration

requires retarded ignition timing to optimize ereggoutput.

2.6 Emissions

Government-mandated emissions regulations arenfiagancreasingly stringent
worldwide. Emissions levels of vehicles used onrtaal today already require high-cost,
complex technology to maintain current emissionulaipns. To meet the stricter
emissions regulations of the future, hydrogen &aluiis another option for vehicle
manufacturers.

Environmentally harmful emissions measured in #iigly were nitrogen oxide
(NO), nitrogen dioxide (N@, and carbon monoxide (CO). By changing the fuel
composition in the cylinder, some pathways of fdiora will increase, while others

decrease. This section explores how these emisarerfermed.

2.6.1 Oxides of Nitrogen

The principal source of nitrogen in nitrogenousdes (NO, NQ) is air. It is
generally accepted in the scientific community tloatstoichiometric air-fuel mixtures,
the Zeldovich mechanism governs the productionitobgen oxide. NO is formed in the
flame and postflame gases. The engine compressimkescompresses the burned gases
released during the early stages of combustiomeasing their temperature. This

temperature increase drives the mechanism to foone NO.
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NO, is produced in much smaller quantities than NQndunormal combustion.
It is formed when NO reacts with a hydroperoxylicatito form a hydroxyl radical and
NO,. More prevalent in light-load diesel combustiorQNs formed when it mixes with
cooler fluid, preventing the conversion of N®@ NO. In a spark-ignition engine, N@

highest in concentration in a slightly fuel-richxture. [11]

2.6.2 CO Formation

Carbon monoxide (CO) emissions are a result obrmete oxidation. The
amount of CO emitted increases with a reductiomxafess fuel. CO formation can be
summarized by the following reaction [11], in whithe R group is the rest of the
hydrocarbon.

RH - R - RO, - RCHO - RCO - CO 2.18

The CO is then converted into @rough the slower reaction of CO and an OH rddica

CO+OH - CO, +H 519

It is generally accepted that at peak cylinder terajure, the carbon-oxygen-hydrogen
system is equilibrated. As the combustion gased, dbe temperature and pressure

gradients within the gas cause uneven CO oxidatesulting in CO emissions [11].

2.6.3 Unburned Hydrocarbons

Hydrocarbon emissions are the consequence ofnit@mplete combustion of

hydrocarbon fuel. While methane in the exhaustoisanregulated hydrocarbon because
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of its inert characteristics, pyrolysis and synithesf methane that occurs during
combustion forms other harmful gasses. The resulbmygenates, carbonyls, and
aldehydes contribute to pollution. Unburned hydrboas are formed when they are not
exposed to the flame front to allow the oxidatieaation to occur. They can be found in
crevices on the surface of the cylinder or blowpston rings, only to reappear in the

cylinder after combustion has completed [11].

2.7HCNG in Test Cell Engines

This study is an attempt to bridge the gap betwd€NG test cell research and
vehicle testing by determining what happens inside cylinder during vehicle driving
conditions. This section will detail the resultsearchers obtained using constant speed
and load testing on an engine test stand. Theviolp section will review issues related
to real driving conditions and look at hydrogenumal gas testing in the literature. The

results will explore correlations between the two.

2.7.1 Part Load Condition HCNG

Spark-ignited engines require a constantly adgusimount of fuel, proportional
to the energy required by the engine to producer¢haired power output. The throttle
valve restricts air coming through the intake tantan the correct stoichiometry of the
air-fuel mixture. Light-load conditions are plagubgl incomplete combustion, which
decreases thermal efficiency and increases emsssidrese conditions compose a large

portion of the Federal Driving Cycle [4], which representative of normal vehicle
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operation. Therefore, it is of utmost importancetfte vehicle to perform effectively at
these conditions.

Engines running at low speed and loads have be@mdfto have slower flame
speeds than those running at wide-open throttlghttload conditions result in an
increased burn time in the cylinder because of fowebulence. But the slower
combustion speed is also a result of a higher ctretton of residuals remaining in the
cylinder. Such conditions increase the severityflame initiation and propagation
problems.

In order to investigate the relationship betwesadland burn time, low road loads
were tested, by Cattelan et al. [5],who evaluabedlrake-specific energy consumption
(BSEC) as a function of engine load for Hythane natliral gas. At low loads of 5 and
30 N-m, benefit from the addition of hydrogen wadicated by a decrease in specific
energy consumption (BSEC). However, at loads grehtm 30 N-m, the difference in
BSEC became negligible.

Testing was done on a closed-loop, three-way ysttaingine that controlled the
equivalence ratio to 1.0 by Swain et al. [4]. Atequivalence ratio of 1.0, there was only
a rise in NO formation from 4.5 to 5.5 g/hp-hr. Témaller increase is BSNOx was
attributed to the 4 percent to 5 percent increas¢hermal efficiency. Higher loads
attenuated thermal efficiency gains when less esthgas remained in the cylinder. A

reduction in BSCO and BSHC was also observed atda@ stoichiometric conditions.
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2.7.2 Swirl Addition to HCNG

Swirl is an effective technique to increase mixofgthe air-fuel mixture which
improves combustion performance. At wide-open tleatonditions, throttling losses are
reduced. Other important factors like in-cylindiewf velocity become a more important
factor in combustion progress. Using a natural gyagine with hydrogen blends of 0 to
20 percent, Andersson [15] analyzed the differeimce&ombustion between different
induced flow velocities. Using the more turbulenoducing quartette head, he found
there was no benefit from hydrogen addition.

Stoichiometric combustion of natural gas with loghn addition in a high swirl
case showed no reduction in ignition delay. Atshee conditions with high turbulence,
combustion duration did not reduce with additiorhgfirogen. The author concluded that
during periods of high turbulence the other enginaditions could assist combustion,

negating benefits of hydrogen addition.

2.7.3 Hydrogen-Natural Gas Studies

Using cylinder pressure data, Swain et al. [4le@snethane and Hythane burn
durations at lean conditions using computer modelifwo graphs from their results
show distinctly different trends. While the testisgonly done only for equivalence ratios
from 0.65 to 0.80, extrapolated data project thfect$ of hydrogen at stoichiometric
conditions. At stoichiometric conditions, the maasof combustion duration in crank
angle degrees converges, indicating that hydrogen o benefit on stoichiometric

methane combustion at 1000 rpm, 1 bar BMEP. Howd¥€NG and CNG show linear,
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parallel trends in flame development angle over rtteasured equivalence ratios. This
indicates that at an equivalence ratio of 1.0, bgdn reduces the flame development
angle.

Karim et al. [24] increased the amount of hydrogen natural gas and
subsequently derived relevant combustion statisbcsa variety of equivalence ratios.
Hydrogen increased the peak pressure in each eylihtbar for every 10 percent volume
hydrogen added. By increasing the concentratiomyafrogen in the fuel mixture, a
reduction in the length of ignition delay and corstian duration was observed. These

results reflect the speeding up of both flameatitin and propagation rates.

2.7.4 Emissions Testing

The latter part of the study will compare emissi@ata from stationary engine
testing and vehicle testing.

Stationary engine testing with producer gas aamlditia 33 percent blend of
hydrogen with inert gases, was performed by Jeesah [25]. Their research explored
the change in combustion performance when prodgasrwas added to natural gas. A
statistically significant drop in unburned hydrdoamns was detected. It was determined
that combustion enhancement is caused by post toxigdavhich is less sensitive to
cyclic variations. The lower level of unburned hydrbons suggests a more complete
combustion, which can be attributed to the fasteming rate of hydrogen. In this
instance, hydrogen seems to be a dominating factile consumption of hydrocarbons,

despite the addition of inert gases as the remgioomponents in the producer gas like
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CO,, and N, which retard flame propagation. The reduction mbwrned hydrocarbons
suggests a more complete combustion of the fudldrcylinder.

NO emissions increase when hydrogen is addedetmdkural gas mixture at the
same operating air-fuel ratio because hydrogenedrithe flame temperature higher.
Collier at al. [23] studied the untreated emissideaving the HCNG engine. NO
emissions increased 5 percent at stoichiometriaditons. However when ignition
timing was retarded in a lean burn engine with @O:BCNG mixture, NOx emissions
were controlled to low levels over a range of spaed loads. The spark timing maps on
the ECU were installed by Collier technologies thatard spark timing in efforts to
reduce NO production from the hotter burning HCN@ore information regarding
emissions data across hydrogen-natural gas blenelsgine combustion can be found in

Akansu’s work [10].

2.8 Hydrogen Addition in On-Road Performance

It is impossible for engine manufacturers to predit the conditions an engine
will experience during its lifetime and so engiredtings are based on testing done on
isolated engine test stands. In these tests, #arehic control unit (ECU) controls
engine parameters such as spark ignition, air @takd fuel injection using data such as
temperatures and exhaust composition to optimizgnenperformance. However, with
varying external conditions that occur when theislehis on the road, engine loads will
fluctuate unpredictably, and the engine can expeeeéen-cylinder combustion variations

from cycle to cycle that reduce indicated thernféitiency. In this final section, issues
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related to vehicle performance are reviewed. Niet,background of pressure sensors is

explored followed by fundamentals of engine loading

2.8.1 Vehicle Operating Conditions

Current government standards require engine ahttleemanufacturers to meet
specific requirements, which have become moregarhover time. Catalytic converters
were first used in commercial gasoline vehiclesl8v5 as a way to help meet the
mandated emissions requirements. Three differeatticns take place in the standard
catalytic converter. Two are the oxidation reactiam which unburned hydrocarbons and
carbon monoxide are converted to carbon dioxidehifd reaction reduces NO using a
platinum-based catalyst to reduce NO toaNd Q.

To catalytically convert these emissions effedfivethree-way catalytic
converters require that the engine run at stoickioimconditions. If the fuel mixture is
too lean, the oxidation reactions are favoredt i itoo rich, the reduction reactions are
favored. These results have been shown by Pedk gt6h in testing on a lean burn
HCNG vehicle running the New European Drive Cy®d=DC). They found that lean
operating conditions resulted in higher concerdregiof harmful exhaust emissions such
as NOx, CO, and UHC'’s than would be expected ustiEchiometric conditions. The
different mole fractions inhibit the formation of, dnd CQ in the catalytic converters,

minimizing the effect of the lean burn.
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2.8.2 Pressure Sensorsin Vehicles

While there are few published studies studyingt rebease through pressure
sensors on an actual vehicle, pressure signalsalade important information that can
be processed to optimize thermal conversion effigfe Detection of knock and
combustion conditions from the pressure data alldvesECU to finely tune individual
cylinder parameters.

A majority of engines on production vehicles alesed loop systems that
determine the amount of fuel and air required i ¢hlinder to produce the appropriate
amount of power at the smallest cost to fuel econand emissions. In the closed loop
system, temperature and exhaust information isbiack via the oxygen sensor and
thermocouples, and the ECU uses a pre-determingideemap to determine appropriate
engine settings. However, exhaust temperature afyjem content are inaccurate
measures of combustion performance. Cylinder pressensors give the ECU a better
picture of the quality of combustion inside theiwgkr. Because the cost of pressure
sensors can run into the thousands of dollars, Ithegubenefits in combustion
performance do not justify their use in mass predugehicles as yet.

Over the past 20 years, in-cylinder pressure ssrigave dramatically reduced in
cost. To further improve performance and efficien@ngineers have looked at ways to
use data for real-time cylinder pressure. Rathean trdetermining combustion
performance through sensors external to the conabuptocess, engineers can look at
the signature of combustion through the pressuaeetr Using in-cylinder pressure
measurements as a feedback sensor, in the plaaa okygen sensor, to control the

amount of EGR and the air-fuel ratio is the latestumerous attempts of engine control
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[27]. With the development of more accurate combusprediction, increased fuel
economy and decreased emissions have been achiewedhstance, it is possible to
operate the engine at minimum spark advance inr ¢odereate conditions for maximum
brake torque (MBT), thereby compensating for buaterand spark requirement
differences between cylinders. Cylinder-pressurgeetdacontrol can be adapted for
environmental factors, manufacturing variationsinponent wear, and degradation of
various types.

Having a pressure sensor located in the cylinder wehicle has been shown to
allow a variety of improvements in the vehicle’srdmustion performance. In the mid-
1970s, Hubbard et al. [28] were able to achievé&dsraean effective pressure and fuel
economy within 0.1 percent of the theoretical optim The pressure sensor in the
cylinder enabled the ECU to better understand trabeistion in the cylinder. The

current study will produce high quality combustemmalysis using pressure sensor data.

2.8.3 Vehicle Loads

Propelling a vehicle forward requires the engmetovide energy to the wheels
overcoming the load applied from the vehicle suntbogs. The instantaneous motion
resistance power (JPthat a vehicle has to overcome to travel at amigpeed is a
function of speed (v), rolling resistance [\Rgrade resistance R aerodynamic
resistance (B and inertial forces in the vehiclgfna). It can be modeled using the

following equation [29]:

P, =V(R +R; +R, +),ma) 220
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Other factors that reduce the power available ftbenengine are accessories loadg) (P
such as air conditioning or interior lighting. Teamission efficiencyy) is the energy

that will be lost through the transmission. The poequation then becomes [29]:

N, (P-P.)=(R +R, +R, + ), ma) 221

The vehicle powertrain transfers power from than&shaft in the engine to the
wheels. This system includes the transmissiongdhaft, differential, and the final drive.
Losses that occur among these interlocking elemamgtsdue to vibration, friction, and

rotation.

2.84HCNG VehicleLiterature

In order to verify that the engine tests perfornred lab applied to actual testing
conditions, Pede et al. [26] tested a 3500 kg tpmkered by a 2.8L natural gas engine.
Fuel economy and emissions that occurred using HGNGds of 0, 10, and 15 percent
were compared. Primary studies were done on stotudtric combustion in efforts to
reduce tailpipe NOx emissions.

It was found that at the same conditions, retardimggspark timing reduced the
levels of NOx dramatically without significantlydecing the output of the engine. In all
stoichiometric test cases, the HCNG blends showddations in tailpipe hydrocarbons,
NOx, and CQ when compared to natural gas. The amount of C&sams decreased
with 10 percent hydrogen added, yet increased Wihpercent added. There was a

positive linear correlation between fuel economyl @uantity of hydrogen. Indicated
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thermal efficiency followed a positive linear cdaton with hydrogen addition and
increased 5 percent with the 15 percent HCNG blend.

Don Karner et al. [21] studied a Dodge Ram Wagonevaluate fuel and
emissions with CNG and HCNG fueling during actuadl simulated driving conditions.
While in service running on compressed natural tfesvehicle fuel economy was 13.2
miles-per-gas gallon equivalent (gge). When runringa 15 percent HCNG blend, the
same vehicle ran at a more efficient fuel econorhyl7 miles per gge. When the
vehicle was run on the FTP-75 road test, reductionsnburned hydrocarbons, carbon
monoxide, and carbon dioxide were seen. A 90 peéinerease in NOx was attributed to
the fact that the engine was not tuned to optirkig?&G conditions.

While the current study does not focus on emissidhe decrease in fuel
economy and increase in NOx emissions should natsbgsevere because the ECU has

been reprogrammed to optimize for HCNG combustion.



Chapter 3

Experimental Set-up

3.1 Outline

The following section begins with an explanatidrthe engine modification and
set-up required for this study. Next, hardware rhcalions required for this study and
the testing procedure are explained. Then the aeqaisition system and data analysis

methods are discussed. Finally, the engine teptangyis introduced.

3.2 Test Engineand Fueling

In 2004, the Pennsylvania State University puredas number of fleet vehicles
to provide mobility for employees at the Office thfe Physical Plant. As part of an
initiative to use alternative fuels, Penn State'deo included a number of natural gas
vans. The vehicle involved in this study is onettidse compressed natural gas (CNG)
dedicated vehicles, a 2004 Ford E-Series E-250 V&e. stock vehicle meets the van
wagon SULEVII emissions standards. Its fuel econdmyl8.5 miles per gas gallon
equivalent (gge), and it has a range of 280 miethas a slow fueling of the tank to 3600

psi [30]. Detailed engine specifications are listedable3-1.
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Table3-2: Test Engine Specifications

SOHC 5.4-Liter, V8,

Engine Natural Gas Engine
Displacement 54L
Bore 90 mm
Stroke 106 mm

Compression Ratio 11.0
Connecting Rod Length169.1 mm
Rated Power 194 kW @ 4500 rpm
Peak Torque 474 Nm @ 2500 rpm
Electronically
Injection System controlled common-rail
injection system
Valve Train 2 valves/cylinder

Air Products and Chemicals, Inc. installed a hyerogueling station on campus
in December of 2005 that dispenses neat hydrogdnHENG. Together with Collier
Technologies, the Pennsylvania State University desloped hydrogen-blend HCNG
vehicles on campus to use this station. In theskiches, Collier Technologies
reprogrammed the fuel and spark maps to optimizaeibg of HCNG, and, to increase
power output in the engine, added an Eaton M90rshpeger. A Dynetek carbon fiber
reinforced aluminum tank replaced the stock stamkeel fuel tank which is susceptible
to hydrogen embrittlement. To allow for switchingefs, interchangeable CNG and
HCNG nozzles have been mounted to the fuel potherside of the vehicle. Fueling is

done just like a typical gasoline or diesel pump.
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3.3 Enginelnstrumentation and Data Acquisition System

While running the vehicle, data were collected oell Dimension desktop
computer with a National Instruments PCI-MIO-16Eata acquisition card, which has a
333 kilo-samples per second maximum sampling rEte. board reads three signals: a
pulse signal every 0.1 crank-angle degree, a mitgwal every 360 crank-angle degrees
from the crank angle encoder, and a voltage sigetalrned from the transducer. The
three signals were processed through a data atigmiprogram written in LabVIEW 7.1
and recorded to a data file.

The piston position and speed were measured usikigdel 725 Accu-Coder
optical shaft encoder. Every 0.1 change in crankeadegree, a pulse signal was sent to
the computer and a cylinder pressure value wagdedo The crank angle encoder was
connected to the crankshaft pulley by a custom-madenting bracket. A grooved
aluminum adaptor was bolted inside the crankshaliiey and attached to a belt that
drove the crank angle encoder. FigBsg shows the crank angle encoder set-up mounted
on the engine.

A second signal referenced the position of theopidily sending a pulse every
360-degree rotation. Top dead center was determbgedsing an indicator suspended
above the cylinder. This point was confirmed by kireg 20 degrees before and after top
dead center on the crankshaft adapter at the halpwant. This position was marked on
the crankshaft adapter using a scribe. The refergraignal was set to pulse when the

piston reached this mark.
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Crankshaft pulley adapt

Drive Belt

Mounted Adapte

Crank Angle Encod:

Figure3-1: Crankshaft Pulley Adapter to Crank Angle Encoder

Pressure signal measurements were performed udfigtlar Type 6117BCD27
measurement spark plug with an integrated pregsameducer. The working spark plug
was removed from cylinder 7 and the Kistler spatgpwvas inserted in its place. The
crystal in the transducer creates an electric eéhargpicocoulombs as a function of in-
cylinder pressure. This charge is passed througisteer 5010B charge amplifier, which
generates a proportional voltage. The voltage vslwecorded using the data acquisition

system. Set-up of the pressure transducer systehowsn in Figure3-2.
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Figure3-2: Pressure Transducer Set-Up

In order to obtain steady-state engine conditidhs, van was operated on a
Clayton Industries model VVT chassis dynamometenjciv absorbs energy through
large rollers on either side of the rear wheelsserollers are vehicle-speed limited, and
load is controlled by the operator. Testing proceduwere set by a test matrix to
determine combustion performance at controlled ¢p®d load conditions. Standard
driving cycles such as the Federal Transit Prot¢e®P) cycle, etc., were not followed
since during such transient test cycles variablessure conditions occur during
combustion preventing steady-state combustion aisalynstead, stead speed and load

conditions were used as the basis for the tesepkge. Once the vehicle reaches the pre-
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set speed, a driver applied the throttle furthehwiis or her foot to maintain the road
load setting. Load conditions are specified intéet matrix.

During testing, engine settings were recorded ftbenECU using a scan tool. A
series of cables were attached to a laptop runkorgl Integrated Diagnostic System
(IDS) software, which allowed the user to seleclividual parameters to read from the
engine. Real-time intake air flow and temperattinegttle position, and spark advance

were recorded during the test period.

3.4 Fuel Analysis

A gas chromatograph (GC) was used to determinedhgosition of the two test
fuels [31]. Because the gas used in the vehiclédcoat be sampled readily from the
vehicles fuel tank or during the fueling proceduratural gas was sampled over multiple
days and the data averaged to determine the aveoageositions of the natural gas and
the hydrogen-natural gas mixture.

The procedure used to determine fuel compositios agafollows: Gaseous fuel
was collected in a gas sample bag. A 50-microftel sample was extracted with a
syringe, and injected into the GC. The sample politme was 1mL, made up of the 50
microliter sample along with 950 microliters of arg(carrier gas). This procedure was
executed twice, once for the flame ionization detedfor low molecular weight
hydrocarbons), and then for the thermal condugtidetector (for hydrogen and

nitrogen).
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The gas chromatograph was calibrated for methahgleae, ethane, propylene,
propane, butylene, butane, and hydrogen, for thges typically found in natural gas.
The chromatogram provided the mole fraction of eashstituent. That mole fraction

was then multiplied by 20 to bring the mole frang8aup to the 1-microliter basis.

3.5 Semtech-DS Emissions Equipment

Emissions data from the test vehicle were colleee@rnally using a Semtech-
DS, which is an onboard emissions testing systemdymed by Sensors, Inc., Saline,
Michigan. The Semtech-DS uses a combination of atsthincluding Flame lonization
Detection (FID) with Non-Dispersive Infrared (NDIRNd Non-Dispersive Ultraviolet
(NDUV). These methods allow for direct comparisonstest cell measurements for
THC, CO, CQ, NO, and NQ@ in compliance with CFR-40, 1065 Subpart J. A disti
advantage of this technology is its ability to abshigh shock or vibration, while
providing accuracy, and resolution in a short resgotime. In these tests, the FID was
not operational and no hydrocarbon data were recbrd

The following system was used to obtain exhausfgaanalysis: Immediately
after exiting the exhaust manifold, a portion & #xhaust gases passed through a one-
guarter-inch hole drilled into the exhaust pipeSwagelok weld fitting was attached to
the exhaust pipe through which the exhaust sanplestl into a foot-long steel tube
designed to protect the heated lines of the enmissaanalyzer. Exhaust gas continued

through to a 190 °C heated line into the SemtechdXs# analyzed.
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Using an exhaust flowmeter linked to the vehicle'sboard computer, the user
could instantaneously measure emissions data asaidn of engine performance in
g/km, g/kg fuel, or g/bhp-hr. In addition, the tagt block had communications and
global positioning system modules. Data could lmipled over cellular or Internet links
in addition to on-board collection and storage.c8irthe vehicle was operated on a
chassis dynamometer rather than over the road¢ctmsnunications technology was not
utilized.

The CO, CQ, O,, NO, and NQ concentrations were recorded on both a wet and
dry sample basis. For the purposes of this refiuet; are reported on a dry sample basis.

Table3-3 is a summary of the measurement techniques us#telfyemtech-DS.

Table3-3: Summary of Exhaust Species and Measuring Teckriqu

Measure Gaseous Species (units) Measurement Teehniq
CO (volume percent) NDIR
CO2 (ppm) NDIR
02 (volume percent) Paramagnetic detector
NO (ppm) NDUV resonant absorption spectroscopy
NO2 (ppm) NDUV resonant absorption spectroscopy

3.6 Testing Procedure

The testing took place on the chassis dynamomeieatdd adjacent to the
Pennsylvania Transportation Institute at Univerdigrk, Pennsylvania. The pressure
sensor and crank angle encoder were installed andected to the data acquisition
system. Exhaust gas recirculation (EGR) was prexkiftom entering the intake by

disconnecting the EGR control valve connected tottirottle. Finally, it was verified
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that the referencing signal from the crank angleoder was being sent when the piston
reached top dead center. The vehicle was preparathtonce the instruments needed to
run the experiment and record data were set up.

The engine was then turned on and warmed up tinatitoolant temperature held
a constant reading on the dashboard. Becausewlasrao passive cooling of the engine,
a large fan drew fresh air into the laboratory froatside the building. To run the test,
the driver applied the throttle to bring the vedlitd the chassis dynamometer limited
vehicle speeds of 15 or 30 miles per hour. Theedriwould then increase throttle
position to maintain a road load of 10, 20, or @skpower. At each road load setting,
an averaged 200 cycle pressure trace was saveflléousing LabVIEW. Updated scan

tool data were read by the emissions system aretidava separate file.

3.7 Heat Release Analysis

To investigate the effect of hydrogen on natura gambustion, apparent heat-
release rate calculations for both fuels were perénl. Heat release rate data allow for
comparison of combustion performance for the tweldu In this study a zero-
dimensional single zone model for the apparent helabse rate calculation [11] was
used. This model is based on the following asswmnptiFirst, the mixture is distributed
homogeneously and has uniform properties throughbet cylinder. Second, the
calculated ratio of specific heats of the in-cyBndjas mixture is assumed to be the same
as that of air. Finally, the heat release due tolugstion is considered to be heat addition

to the cylinder.
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The apparent heat release rate was calculated bas#d cylinder pressure data
using the first law of thermodynamics as describgdHeywood [11]. The in-cylinder
pressure changes as a result of cylinder volummpastion, heat transfer effects, flow
into crevices, and leakage. The most significamtrdoutors to pressure increase are
volume change and combustion.

Heywood defines the chemical heat release rategrass heat release rate as
shown in Eq3.1. Literally, the gross heat release rate is theeficical energy” of the fuel

that is released by combustion.
0Q,, =dU, +0Q,, +dW + 2> hdm 3.1

The apparent heat release rate, also known asdhbéeat release rate, is the
chemical heat release rate minus the losses irttlnyeheat transfer to the walls and
crevice volume losses, as shown in B8. Because proper instrumentation to determine
blow-by and crevice volume was restricted due tacepconsiderations, the model used

assumed heat transfer and crevice effects to loe zer
dQ,, =dQ, -0Q,, —2>hdm 3.2

Net work and sensible energy of the charge detexrthie apparent heat release
rate in Eq3.3. The equation for net heat release that includeasured variables is
shown in Eq3.4. Differentiating the ideal gas law gives Bb.

dQ, _ dU, L dw

dt dt  dt
dQ, mcvd—T + pd—v 3.4
dt dt dt

PdV +VdP = mRdT 35

3.3
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Substituting the ideal gas law into B¢ gives Eq.3.6.

%:(1+&)*pd_v+&vﬁ 3.6
dt R dt R dT

The value for the€,/R term is found using the ratio of specific heatssa®und in

Heywood as Eq3.7, and will give Eq.3.8 when substituted into EG.6.

1
y-1
av 1 dP

Wy pdv, 1P 38
d y-1 d py-1 dt

3.7

Py |<O

The ratio of specific heats for the mixture isccddited using the equations below.
For bulk cylinder temperatures less than 1000 daegri€elvin, Eq3.9 is used. For

temperatures greater than 1000 degrees Kelvin3.lEQis used [32].

y=13+6.0x10°*T-1.5*10" *T*-5.6* 10" * T* +9.2* 10" * T* 39

y=14-25*10**T+1.4*10"*T?-3.7*10"*T> +3.7* 10" * T* 3.10

Calculation of the bulk cylinder temperature wasf@ened using Eg3.11,
rearranged and with respect to crank angle posifitie integral in E¢3.12 gives the

bulk cylinder temperature.

dar _ 1 (@ Yy 3.11
do (majr +mfue| )Cv do do '
dT
T@)=["-d6
@)= 3.12

In order for heat release calculations to be atey@essure data must meet four
criteria: First, the correct reference pressuretrbesused to convert pressure signals to

absolute pressures. Second, the pressure versusangle degree phasing is accurate to
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within 0.2 crank angle degrees. Third, clearanckine is estimated with sufficient
accuracy. And finally, transducer temperature \emes due to wall heat flux are held to
a minimum.

Pressure measurements were averaged over 200 oyitted.1 crank angle
degree resolution. FiguB3 is a 200-cycle average pressure trace of natuasl g

combustion at a high speed and load.

35

Cylinder Gas Pressure Pressure (bar)

320 340 360 380 400 420

CA (Degrees)

Figure3-3: 200 Cycle Averaged Cylinder Pressure Trace

In order to perform the heat release rate calicuiaf two derivative terms are
neededdV/dd anddP/dé. The derivative of volume can be calculated usihagfirst order
central difference scheme shown in B43. Any noise in the pressure signal can be
detrimental to the heat release calculations. iBhigecause the heat release is a derivative

of the pressure trace, and any noise will be maghifTo reduce this problem, a fourth
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order central finite difference is used to calceltite derivative of pressure, as shown in

Eq.3.14.
dVi :\/i+1 _Vi—l 313
dé 2* NG
ﬁ_ I:)i—2_8~k I:)i—2+8* I:)i+1_|:)i+2 3.14
dé 12* A6 '

An example of an instantaneous heat release gsagikien in Figure3-4.

30

Apparent Heat Release (J/Deg)

320 340 360 380 400 420

Crank Angle Degree

Figure3-4: Instantaneous Heat Release Rate

The cumulative heat release is calculated by iateyy the apparent heat release
rate, as shown in Ed3.15. To determine the mass fraction burned, heat selaa
converted into a percentage relative to maximumuwative heat release. For each crank
angle degree after the start of combustion, thegmage of maximum cumulative heat
release is calculated using Bq16. For the purposes of this study, the percentadeaf

released is equal to the percentage of mass fralstimed.
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[

L d
Q@)= [ ode 3.15
Jde
Q
QU=—2 3.16
QmaX

3.8 Calculating Air-Fuel Ratio

Heat release calculations require accurate detatrmom of the mass of air and
fuel inside the instrumented cylinder. The masaioin the cylinder is calculated using
the air flow rate entering the intake mainfold. Igaf fuel is calculated using the air-fuel
ratio determined by emissions data.

The method used to determine air-fuel ratio cofm@® work by Spindt [33]. In
the Spindt method, the air-fuel ratio can be deteeoh from the ratios of the wet exhaust
components Cg CO, Q, and unburned hydrocarbons. Because unburned dguian
values were not recorded due to the inoperable Hi®; were assumed to be equivalent
to the baseline test in Cattelan et al. [5]. Taetion of hydrogen and carbon in the fuel
are found using E@.17 and Eq.3.18 based on the,El, composition of the fuel.

_ 1201* x
©1201* x+2.016* y
_ 2.016* y

T 1201* x+ 2.016* y

3.17

3.18

h

Ratios of the exhaust products are determined fiteenmole fractions of § CO,, CO

and HC in Eq3.19, Eq.3.20 andEq. 3.21.
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I:)O
Q=—~ 3.19
I:)(:oz
P
R=—2 3.20
I:)coz
_ Pco + F)(:o2
Fy 3.21

Peo + F)co2 +Pac

These relationships are used in B2 to determine the approximate air-fuel
ratio of the intake charge.

+ + 120" F
1+R/2+Q,, 120°F,,, 322
1+R 35+R

(ATF) a0 = F, 11.492% F(

3.9 Test Plan

The objective of this study was to determine thHeat$ of hydrogen on natural
gas combustion under a variety of test conditionsrder to determine how hydrogen
benefits the efficiency of natural gas combustiorehicles.

Fuels used in this study were compressed natusal(@BIG) and a 33 percent
hydrogen-compressed natural gas (HCNG) blend, yttrogen representing 9 percent
of the energy of the fuel in the HCNG. The natga$ source was the same for each test,
and the hydrogen was generated by the Air ProcaraisChemicals, Inc. fueling station
via steam reforming of methane, which was thend#enwith natural gas. Detailed fuel
composition information can be found in Appendix A.

Hydrogen was expected to increase combustion mpedioce at low-speed and
load conditions. Each fuel was tested at identweddicle conditions. Normal operation

was tested with the transmission in the “D” positido evaluate fuel changes at high
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engine speeds, the automatic transmission wasdlacposition D1. Tabl&-4 details
the test conditions used in investigating the eff@fchydrogen on combustion during

various driving conditions.

Table3-4: Test Matrix

Fuel: CNG

Road Load (horsepower) iO 20 30
Transmission Position D/D1

Vehicle Speed (miles/hour) 15/30

Fuel: HCNG

Road Load (horsepower) iO 20 30
Transmission Position D/D1

Vehicle Speed (miles/hour) 15/30




Chapter 4

Results and Discussion

4.1 Introduction

This chapter is divided into five parts. In thesfilsection, the calculations and
data read from the vehicle are evaluated. The skesention reviews the measures of
combustion performance, including ignition delagmbustion duration, and coefficient
of variance, as a function of fuel. In the thirdtpéhe effect of engine speed and vehicle
load on combustion for both fuels is investigatBlégxt, emissions performance with
hydrogen addition to natural gas is investigatednally, how the combustion

performance in the cylinder changes as a functiorebicle speed is reviewed.

4.2 Engine and Fuel Conditions

In this section, the fuel and engine conditionsessary for analyzing engine
performance were recorded and calculated. Theualr-fatio was calculated using
emissions data. Because of the lack of instrumientain the vehicle, the air-fuel ratio
had to be calculated using raw exhaust data. Sparikg was determined by the
electronic control unit, which controls the begmmiof combustion in the spark-ignited

engine.
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4.2.1 Air-Fud Ratio

The air-fuel ratios for HCNG, which were calculatesing the Spindt method,
appear in Figurd-1. The same method was used to calculate CNG dirdties, which
are given in Figurd-2. Because equipment limitations did not provide \altiables
required to compute air-fuel ratio, stoichiometmarocarbon results from Cattelan et al.
[5] were used. The error bars on the graph weradbelt of the 95 percent confidence

interval of CO on the air-fuel ratio calculation.

I s A A A A

18.35

18.3

Air/Fuel Ratio

18.25

18.2

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17

Test

4-1: Air-Fuel Ratio for HCNG testing

The average HCNG air-fuel ratio calculated using 8pindt method is 18.29.
Air-fuel ratio values for CNG combustion averaged.3B. Using the methane and
hydrogen components measured in the gas chromatggstoichiometric HCNG and
CNG combustion with air have air-fuel ratios of I8.and 17.18, respectively. These

values are close to those in Figukd and Figure4-2, where air-fuel ratios recorded
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fluctuations of less than 1 percent. For the pugpad this study, it can be assumed that

engine control is fine-tuned to stoichiometric cibiods.
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Figure4-2: Air-Fuel Ratio for CNG testing

4.2.2 Spark Advance

Spark-ignited engines use an electrically generatbadrge to begin the
combustion process in the cylinder. In the vehicded in this research, spark timing
maps optimized performance by controling the endgmélearn” the most efficienct
HCNG spark timing. These map data points were gfaadf the scan tool during the
testing, at vehicle speeds of 15 miles per hour3hthiles per hour. The average values

for spark advance timings using CNG and HCNG awmdoin Tabled-1. While there
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was some variation in spark advance at the samedsged load, this was probably a
result of the highly sensitive nature of the tHeowwhich was difficult to control. This
data shows that spark advance is a function ofttterposition and unaffected by fuel

composition.

Table4-1: Spark Advance Timings
Vehicle Speed: 15 MPH

. " CNG Spark HCNG Spark

Transmission Position D (low speed Advance (BTDC)| Advance (BTDC)

10 hp 23 23.5

20 hp 225 225

30 hp 22 22
Transmission Position D1 (high speedl\ d\C/:aTSeS(pBE%I_rEC) Acll_\grl:lci ?Bp'?é)kc)

10 hp 275 27.5

20 hp 25 25.5

30 hp 24 245

Vehicle Speed: 30 MPH

. " CNG Spark HCNG Spark

Transmission Position D (low speed Advance (BTDC)| Advance (BTDC)

10 hp 22.5 225

20 hp 20.5 21

30 hp 19.5 19.5
Transmission Position D1 (high speedl\ d\C/:aTSeS(pBE%I_rEC) Acll_\grl:lci ?Bp'?é)kc)

10 hp 32 325

20 hp 31 31

30 hp 29.5 30.5
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4.3 Characteristics of Hydrogen Combustion

Combustion characterization describes how theuair-¢harge inside the cylinder
is burned. In the next section, the effect of 33ceet hydrogen on natural gas
combustion in the spark-ignition engine at 1350 RBM percent wide-open throttle and
1370 RPM, 67 percent wide-open throttle are contparhis section shows the pressure
measurements, heat release trends, and combusitiatioth, as well as temperature and

coefficient of variance.

4.3.1 Pressure

Pressure measurements are useful tools for indgcatariations in the phasing
and duration of combustion. They are also usedlitutate the apparent heat release rate.

Under identical speed and load conditions, presguring combustion of HCNG
was greater than that of neat natural gas. Two plesof pressure during a combustion
cycle from the 30 miles-per-hour test are founéigure4-3 and Figured-4. Karim et al.
[24] observed an increase of pressure of 1 bardlfegvercent hydrogen addition during
lean burn conditions. In this study, at stoichianeetonditions, a larger increase in peak
pressure is seen. A 5 bar increase in peak presstréiCNG is observed, equivalent to

a 1.5 bar increase per 10 percent hydrogen addition
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Figure4-3: 200 Cycle Averaged Pressure Trace, 1350 RPMpi€epower road load

Volume change and combustion have the largesttefteccylinder pressure [11].
Since there are no volumetric changes in the cglintthe pressure increases that occur in
the cylinder are a result of the HCNG combustioocpss. As Figurd-3 and Figuret-4
show, HCNG increases the pressure at a much mpie pace than CNG, peaking close
to top dead center. Pressure after spark dischargelicative of heat release of the fuel
during combustion. Peak pressure occurring closetop dead center more closely
resembles the Otto cycle, which indicates an irsgaa the thermal efficiency of the
combustion.

Error bars show the 95 percent confidence inteovathe pressure data during
areas of high uncertainty. Because the pressungsesl to calculate the rest of the
combustion statistics in this section, it is assdrttee characteristics of combustion are

statistically significant.
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Figure4-4: 200 Cycle Averaged Pressure Trace, 1370 RPMp&epower road load

4.3.2 Apparent Heat Release

To study the effect of fuel on bulk combustion retderistics, heat release
analyses were performed at all testing conditidie heat release rates were different
between the two fuels, as shown in Figdw® and Figured-6. These figures showed that
hydrogen addition resulted in a faster releasauef €nergy, when compared with CNG.
The results also indicated that HCNG combustiork desat release rate increases 25
percent and occurs 9 crank angle degrees befareft@dNG.

Increased heat release early in the power strake gxtra stress on the structural
integrity of the cylinder, and increases NO forraafibut it also allows for best indicated

thermal efficiency. In Figurd-5 and Figuret-6 HCNG releases more than half of the
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energy during the compression stroke, before t@u denter. Energy released when the
volume of the cylinder is decreasing works agathst motion of the piston decreasing

indicated work, which causes a decrease in the powput of the cylinder. These are

considerable throttling losses that detract fromn tthermal efficiency of the combustion

process with HCNG.

The heat release characteristics in this studyibéximon-ideal combustion.
Heywood [11] states that addition of exhaust gagaelation (EGR) increases the burn
duration in the cylinder. In the case study, EGR20f percent increases the flame
development angle and combustion duration 50 pertfethe exhaust gas recirculation

valve was connected, it would retard heat rele@skicing losses in indicated work.

Apparent Heat Release (J/Deg)

320 340 360 380 400 420

Crank Angle Degree

Figure4-5: Heat Release Rate 1350 RPM, 10 horsepower Road Lo
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Figure4-6: Heat Release Rate 1370 RPM, 30 horsepower Road Lo

4.3.2 Fud Burning Rates

The computed mass fraction burned approximatesbthieed mass inside the
cylinder and are an indicator of combustion perfamoe within the cylinder. Normalized
heat release is representative of the mass frabtiomed in the cylinder. Figuke7 and
Figure4-8 show the normalized cumulative heat release thatroed at 1350 and 1370
RPM, both at 30 hp road load.

It is advantageous to characterize different stafesombustion by the duration
in crank angle degrees. The crank angle degreesedwvuring each stage of combustion
are indicative of the combustion process. Figiifeand Figurel-8 show that compared

with natural gas, hydrogen addition decreases thamef development angle and
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combustion duration. Hydrogen also causes more ttuddurn before top dead center.
This early burn of the fuel releases energy duthregcompression stroke, which results

in a decrease in thermal efficiency.
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Figure4-7: Normalized Heat Release 1350 RPM, 10 hp Road Load
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Figure4-8: Normalized Heat Release 1370 RPM, 30 hp Road Load

The quicker burn reduces the amount of time dutfiegcombustion cycle that the
gases are at high temperature, which results edaction in heat transfer losses. The
slope of the line in Figured-7 and Figure4-8 during the combustion duration is
indicative of the speed of the fuel burn. Whiletbfiiels begin combustion at the same
time, the HCNG combustion reaction progresses niaster.

Figure4-9 shows the peak heat release rate for the testatr8® miles per hour.

A higher heat release rate indicates a larger rah$sel being burned per crank angle
degree. As this figure shows, the addition of hgeéroto natural gas increases the peak
burn rate of the fuel and is independent of load.aR testing conditions, HCNG

increases the maximum burn rate of the fuel by&sgnt, compared with CNG.
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4-9: Peak Heat Release Rate at 1350, 1360 and 137Q B®PMph

4.3.3 Calculated In-Cylinder Temperature

An increase in bulk cylinder temperature contrisut® heat loss to the
surroundings and drives NO formation. The tempeeatwcalculated using the pressure
data show that the rapid combustion of HCNG inadhe bulk cylinder temperature.

In this study, an increase in temperatures from I percent was observed with
hydrogen addition. Figur4-10 and Figure 4-11 show the single-zone analysis of bulk
cylinder temperature at 1350 and 1370 RPM. It masstnoted that during normal
operation, the vehicle as modified by Collier Tedlogies employed a significant
amount of supplemental exhaust gas recirculationotider to lower combustion

temperatures and prevent NOx formation.
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The peak temperature for HCNG combustion occursecldéo top dead center,
when the volume of the cylinder is the smallesterise heat at this stage in combustion
increases the transfer of heat to the combusti@ambler surfaces, which reduces the
pressure of the system. Increased temperaturesiaised across a longer period during
HCNG combustion than with CNG. The more time HCNgergds at high temperature,

the more NO formation occurs.
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Figure4-10: Bulk Cylinder Temperature 1350 RPM, 10 hp Roadd.o
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4-11: Bulk Cylinder Temperature 1370 RPM, 30 hp Roadd.o

4.3.4 Heat Transfer

Reducing the heat loss to the surroundings caraser the thermal efficiency of
combustion. Previous findings [1] have attributedreased thermal efficiency in HCNG
combustion, when compared to CNG combustion, taséef burn time. This increased
efficiency with HCNG occurs because lower combustiluration reduces the time for
which the cylinder is at high temperatures, logdwegt to the surroundings. In this study,
the amount of heat lost to the outer walls andieammway by the coolant was calculated
using the Woschni heat transfer correlation.

The expansion stroke is where the most signifideadt transfer losses occur.

There, the heat transfer will cause the gas pressuthe cycle to fall below isentropic
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expansion as the volume increases, resulting eceedse in thermal efficiency. Figute
12 and Figured-13 show the Neat Heat Release and Heat Transfer 3 &48d 1370
RPM. The figures indicate the cumulative heat ti@med as net work on the system, Qn,
and heat transferred to the surroundings, Qht.

More heat is transferred to the surroundings berafselevated combustion
temperatures with HCNG combustion. While previousblighed work has stated that
HCNG's decrease in combustion duration would redtive heat transfer to the
surroundings, an earlier start of combustion amghér bulk cylinder temperatures result
in greater transfer of energy to the cylinder wall.

It is interesting to note that as much as 50 pdroéthe energy available in the
cylinder is lost to the coolant. While this numlagpears to be high, low speed and load
conditions for a six-cylinder spark-ignited engate¢he same engine speed were found by
Ament et al. [34] to lose 50 percent of the fueatireg value to the coolant load. This
validates the high heat transfer rates for HCNG@N& combustion found in this study.

Net heat release is equal to the sensible energygehand work transfer to the
piston [11]. Since these two traces are run atstrmae operating conditions, it can be
assumed that the work transferred to the pist@gisl. Neat natural gas combustion has
a higher net heat release than HCNG because oht¢heased losses via heat transfer to
the surroundings.

As the engine load increases, the difference imggnesses between the HCNG
and CNG is reduced. As the engine load increaskgjher percentage of fuel energy is

converted to work on the piston, with only 40 patoef energy lost to the surroundings.
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During the increase engine load, combustion is ncoraplete which reduces the impact

of the hydrogen.

500 T

400 7 b

300 [~

I

I

200 1
1
!

Cumulative Net Heat Release
and Heat Transfer (Joules)

]
)
]
100 |- ! ,/ — — HCNG - Qn
— —CNG-On
HCNG - Qht
——— CNG - Qht
0 S .
S~ =
100 L \ \ \ \ \
325 350 375 400 425 450 475

Crank Angle Degree

Figure4-12: Neat Heat Release and Heat Transfer 1350 RPMpRoad Load
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4.3.4 Coefficient of Variance

Reduction in coefficient of variance of indicate@an effective pressure (COV)
is one of the main advantages of hydrogen additionatural gas. This study recorded
the values of COV at all test conditions. All vadukell within the acceptable limits of
engine stability. All conditions reported a COVles$s than 2.5. The data shows that there
is no advantage of COV with HCNG under these neaiclsometric combustion
conditions. Any variance in combustion was probathlye to cylinder residuals, which
fluctuated in composition and quantity, or becaokpoor throttle control by the driver

during the testing sequence. Low coefficient ofiarace of around 1 percent has been
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reported in the literature [15] during stoichionn@ttombustion of HCNG and CNG. The

investigation in the COV of HCNG and CNG combustien of interest for lean
combustion conditions. With increasing the excdsscambustion stability decreases.
Hydrogen has been shown to increase combustioilitstadi these conditions, but its

effect is negated during stoichiometric combustion.

4.4 Combustion Trends

Hydrogen has been shown to assist combustion aerldeads and reduce
combustion performance at higher loads [5, 15].sTéection discusses combustion
performance, which was evaluated at 30 miles par hbvarious speeds and loads. The
goal was to determine the effect of hydrogen omnaftgas combustion under varying
conditions. Three test points were acquired atstrassion position “D” and “D1,” at

road loads of 10, 20, and 30 horsepower.

4.4.1 Combustion Duration

Increased load on the vehicle increases the loadhenengine. Road load
increases can be from uphill conditions, acceskmags, or road conditions. As the load
increases, the rate of combustion increases rapiltause more fuel must be burned in
the combustion cycle to produce the same powenbui produce the same amount of
output from the cylinder, the engine must increiagection time in order to inject more

fuel into the cylinder. Hydrogen content of 33 macin natural gas represents only 9
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percent of the fuel energy, which means some paest when using HCNG due to the
reduction of volumetric energy content.

Figure 4-14 demonstrates the effects of hydrogen during a fsgmt load
increase on the engine. As the engine load incsgaseerall combustion duration
decreases. According to scan tool data, the loath@m®engine during a road load of 10,
20 and 30 horsepower is 40, 57 and 66 percentectsply, of wide-open throttle. As
the load on the engine increases significantly fafihto 67 percent throttle, reduction in
combustion duration with hydrogen addition is restlic

Figure4-15 shows high-speed tests in which HCNG reduces conalouduration.
High engine speed maximizes HCNG speed reducti@éh Hydrogen addition at these
high combustion duration points reduces the cramteainterval covered by 25 percent.
The engine load conditions at this transmissiontioosare 35, 40 and 43 percent wide-
open throttle. At these small engine load increatdes combustion duration does not

change significantly.
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4.4.2 Flame Development Angle

The flame development angle is the distance frarsgrark to when 10 percent of
the mass of the fuel has burned [11]. Increasirdydgen addition has proven to decrease
the flame development angle in the literature J4iis early stage of combustion features
a mostly laminar flame that forms a spherical flakeenel around the spark plug gap.
The flame interacts with the surrounding turbuliémiv increasing the surface area of the
flame, which increases the propagation speed oflémee. When hydrogen enters the
flame kernel, its reaction with the flame front i@eases the speed at which the reaction
zone propagates. Across all testing conditions, BCdhowed a reduction in flame
development angle.

Figure4-16 shows the decrease in flame development anglettatred in these
tests. As the engine load nears 67 percent of oo throttle, at a road load of 40
horsepower, the effects of hydrogen are reduced.

As with combustion duration, during high-speed c¢tods a decrease in the
flame development angle is observed during HCNG kastion. This is shown in
Figure4-17. For both indications of combustion spett effect of hydrogen addition in

reducing flame development angle is more pronouatédgher speeds.
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4.4.3 Indicated Thermal Efficiency

Spark-ignition engines use a throttle plate to c@réngine power. As the throttle
plate closes, intake pressure and fuel flow areuged, resulting in lower intake
pressures. These lower pressures contribute to wstioh inefficiencies. This effect is
clearly seen in Figuré-18, which illustrates howoad increases the thermal efficiency of
the engine. The values obtained for indicated thaémificiency in natural gas engines
range from 33 to 38 percent, which is 10 perceghédi than that obtained in gasoline
spark-ignited engines. The main factor accountorgliis discrepancy is that natural gas
engines tend to have a higher compression ratiGshnhcreases the thermal efficiency,
and inaccuracy of mass measurements from instrati@ntcan reduce the theoretical
energy available.

Many papers cite hydrogen addition as increasiegritlicated thermal efficiency
of natural gas [4, 35], however Figufel8 shows that compressed natural gas has a
higher thermal efficiency than HCNG at all loadshi\% the data shows a deviation from
expected thermal efficiency results, it is simi@aresults found by Bauer et al. [1] when
testing an engine running at 700 and 900 rpm. Edeaed thermal efficiency observed
in this study is a result of the extra heat lostirdy high temperature combustion of
HCNG and increased losses in indicated work dusatty combustion. Improvement in
thermal efficiency would be observed if EGR wasoretected or spark timing was

retarded.
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Figure4-18: Indicated Thermal Efficiency at 1350, 1360 andA.&PM

4.5 Emissions Results

The reduction of regulated pollutants is one of ti&n motivations for HCNG

research. In this study, the engine-out exhaussorements were recorded to determine

the pre-catalyst effect of hydrogen addition onurat gas combustion. It was not

possible to accurately record the actual load @ eahgine so the results can only be

compared at the same testing conditions.

45.1 Carbon Dioxide

Carbon dioxide (C¢@) is a product of complete combustion. Figd# shows

the CO, emissions present in the exhaust during this stlidyas found that a reduction



74

of carbon-based fuel in the charge reduces the fG@nation by 10 percent. Reductions
in CO, were independent of increased load. Natural galsdontains approximately 7.2
percent more carbon per unit energy than the HCN& un the study. The engine-out
CO, differences between the fuels corresponded wighatimount of carbon oxidized in

the combustion process.

12.0
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CO._ (%)
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Figure4-19: CO, at 1350, 1360 and 1370 RPM

4.5.2 Carbon Monoxide Emissions

Carbon monoxide (CO) emissions are produced ih higounts during part load
conditions due to incomplete oxidation. Decreas@ddbnissions have been observed by
Andersson [15] at stoichiometric conditions. Figdr20 shows the carbon monoxide

emissions produced over increasing loads. CO awidavas enhanced by the higher
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temperatures of the postflame gases during HCNGbastion. While reductions in CO
concentration are seen with hydrogen addition,réseilts are statistically insignificant

due to the range covered by the error bars. Ther@fo conclusions can be drawn.
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Figure4-20: CO at 1350, 1360 and 1370 RPM

4.5.3 Oxides of Nitrogen

High temperatures that occur during combustiontlaemain contributor to nitric
oxide (NO) formation. In this study, the test védicontrolled the air-fuel ratio to run
stoichiometrically, which increased peak tempeedwver lean-burn combustion. These
higher temperatures were amplified by the hydrogddition. Increased exposure to

these post-combustion temperatures drove NO prmhyas shown in Figuré-21. An
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increase in engine-out oxides of nitrogen emissigits HCNG has also been observed

in the literature [5, 15, 22].
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Figure4-21: NO at 1350, 1360 and 1370 RPM

4.6 Vehicle Speed

Two different vehicle speeds of 15 and 30 miles peur were measured to
determine the effect that speed has on combustenformance. After all of the
calculations were performed, combustion performandke cylinder when the vehicle is
traveling at 15 miles per hour is nearly identitalwhen it is travelling at 30 miles per
hour. Table4-2 shows the engine load as a percentage of wide thpetile according
to the ECU. Vehicle tests run at 15 miles per hoawve a slightly lower load than the

tests run at 30 miles per hour. Combustion trerrdsvary similar at the same load
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positions. The trends observed during increasedirigaconditions already have been

addressed during this study and are not reportdeétaal in this section.

Table4-2: Road Load at Low Speed Test Settings

Road Load (hp)| 15 mph Load (%)30 mph Load (%)
10 38.00 42.00
20 53.00 57.00
30 58.00 65.00




Chapter 5

Conclusions and Future Work

5.1 Conclusions

Based on engine testing and simulation results fahewing conclusions were

drawn:

1. Stoichiometric combustion of HCNG reduces igmitdelay and creates conditions

conducive for a faster burn.

2. HCNG reacts faster than natural gas, producidgcaease in combustion duration.

Apparent heat release rates are advanced whichagaikst the motion of the piston.

3. Bulk cylinder temperatures of HCNG increase gnéosses to the surroundings.

4. Work against the piston and heat transfer to sime¢oundings reduces thermal

efficiency of HCNG compared with CNG.

5. The effects of hydrogen addition, (i.e., decedalame development angle and

combustion duration, increased temperatures, iserkdneat loss), decrease as the

load on the engine increases.

6. At the same road load, changes in vehicle speddslightly reduce the load on

the engine, resulting in similar combustion perfance.
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5.2 FutureWork

During this study, combustion performance was measin the vehicle with no
modifications except for fuel to determine the effeof hydrogen in natural gas
combustion in a vehicle. Limits due to insufficiaesources prevented measurement of
fully functional combustion performance in the \a&i For a more in-depth study, the
following suggestions for future work are proposed.

1. Reprogram the ECU to optimize the engine to ruretbam the test fuel for

combustion comparison.

2. Increase measuring equipment on the vehicle to uneaactual operating

conditions including EGR, fuel rail pressures todewstand in-cylinder

combustion processes better.
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Appendix A

Fuel Properties

A.1 Natural Gas Composition

TableA-1: Natural Gas Composition

Natural Gas Constituents % Volume
CH4 89.94
C2H6 5.26
C3H8 0.66
C4H10 0.05
H2 0.00
N2 4.08
A.2 Hydrogen-Natural Gas Composition
TableA-2: HCNG Composition
HCNG Constituents| % Volume
CH4 60.26
C2H6 3.53
C3H8 0.44
C4H10 0.04
H2 33.00
N2 2.74




A.3 Calculated Fudl Characteristics

84

TableA-3: Calculated Fuel Characteristics

CNG | HCNG
Density (g/L) 0.7822 0.5538
LHV (kJ/kg) 46402 50358
Stoichiometric Air Fuel Ratip 17.18| 18.10




Appendix B

Matlab Heat Release Code

B.1 Matlab Code programmed in version 2007b

% Program written by Jamie Clark, September 2007
% Updated February 1, 2008

% Program reads Pressure and Volume Data from press
% Data is taken to calculate heat release profile

clc
clear all

% read data files
input = dimread (‘'C:\Documents and Settings\Jamie\D
9 7_07\33',\t',1);

%test properties

speed = 1350; %speed in rpms
intakeAir = 110; %intake air degF
massair = 42.7; %mass flow of air in g/s

% fuel specific properties

afratio = 17.18; %air/fuel ratio of the mixture in
LHV = 46402; %lower heating value of fuel in kJ/kg
egrat = 1.0; %equivalent ratio

%CALCULATIONS

% store the data from file in usable matrices
fori=1:7200
degCA(i) = input(i,1) + 0.1; % Crank angle posi
CylPres(i) = input (i,2); % In-cylinder Pressur
end

% engine properties

cyl = 8; %number of cylinders in the engine
bore =.09; % m

stroke = .106; % m

cr = 11; % compression ratio

conrod = .1691; % m - connecting rod length
crankrad = .053; % m

ure traces

esktop\Tests

cylinder

tion



%DAQ properties
delCA = 0.1; %frequency of pressure measurements in

% fuel specific initial conditions
gamma = 1.35; %initialized gamma
Cv = .897; %initialize Cv

% unit conversions

umassair = massair * 60 / 1000; %mass airflow conve
mair = umassair/cyl/(speed/2); % mass flow of air i
Tin = ((intakeAir - 32) * 5/9) + 273.15; %convert t

R = 8.314/29*1000; %initialize R - J/kgK

rps = speed / 60; %engine speed in radians

sp = 2*stroke*rps; %mean piston speed

f = conrod/crankrad; % for heat transfer

mfuel = mair/afratio; %calculate mass of fuel

% Heat Transfer Calcs

C1 = 2.28; %constant c1 from Heywood

w = C1 * sp; % average flow velocity inside the cyl
compression and expansion - can add "+ C2*Vd*Tr/prV
Twall = 450; %assumed wall temperature in Kelvin

%Engine Volume calculations
Vd = pi*bore”2*stroke/4; %swept volume, displaced v
Vc = Vd/(cr-1);%clearance volume

fori=1:7200

radCA(i) = degCA(i)*pi/180; % convert crank ang
radians

cylVol(i) = Vc + (pi/4 * bore”2) * (crankrad*(1
cos(radCA(i))+crankrad/(4*conrod)*(1-cos(2*radCA(i)
of cylinder
end

for i = 2:7199 %intermediate pressure smoothing and
IntPres(i) = (CylPres(i-1) + CylPres(i+1))/2;
dv(i) = (cylVol(i+1)-cylVol(i-1))/(2*delCA); %c
(m~3/deg)

nimep(i) = (CylPres(i)+CylPres(i+1)) * dv(i);
Nimep = sum(nimep)/2/Vd/10;

if (i > 1800) && (i< 5400)
gimep(i) = (CylPres(i)+CylPres(i+1))*dv(i);
Gimep = sum(gimep)/2/Vd/10;

end

ica(i)=degCA(i);
end

fori=3:7198

degrees

rsion to kg/min
n kg
emp to Kelvin

inder for
r*(Pcyl-Pmotored)"

olume

le position to

)); %find volume

Net IMEP

alculate dv
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Pres(i) = ((IntPres(i-1) + IntPres(i) + IntPres
pressure trace
Pres(i) = Pres(i)*100000; % convert bar to Pa
kPres(i)= Pres(i)/1000; %Pressures in kPa
pca(i) = degCA(i);
end

fori=5:7195

dp(i) = (-Pres(i+2)+8*Pres(i+1)-8*Pres(i-1)+Pre
%calculate dp (Pa/deg)

ppca(i) = degCA(i);
end

% Calc net IMEP

%initialize dq, T and Q

fori=3:5436
dq(i)= 0.0;
Q(i)= 0.0;
T(i)= Tin;
T2(i) = Tin;
tg(i) = Tin;
Qtot = 0;
donel0 = 0;
done50 = 0;
done90 = 0;
donesoc = 0;
pair(i) = 0;
Re(i) = 0;
mu(i) = 0;
Aw(i) = 0;
he(i) = 0;
dQwall(i) = 0;
Qwall(i) = 0;
dQw(i) = 0;
mb(i)=0;
startmfb=0;

end

% temperature measurements
for i = 2000:5436

% Calculate Heat Release
if (i >= 3000) && (i <= 4950)
dq(i) = (1/(gamma-1))*(gamma*Pres(i)*dv(i)+
%solve Instantaneous Heat release J/deg
Q(i) = dq(i)* delCA + Q(i-1); %Cumulative h
end

% first temperature calculation

dt(i) = 1/ ((mair + mfuel)*Cv)*((dq(i)/1000)-kP
%calculate change in temperature

T(i) = dt(i) * delCA + T(i-1); %intergrate temp

(i+1))/3); %smoothed

s(i-2))/(12*delCA);

cylVol(i)*dp(i));

eat Release in J

res(i)*dv(i));
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% second temperature calculation

dt2(i) = 1/ ( (mair +((Q(i)/1000)/LHV))*Cv)*(dq
*dv(i));

T2(i) = dt2(i) * delCA + T2(i-1);

% third Temperature Caculation
tg(i) = (Pres(i) * cylVol(i)) / (R * (mair + mf
law temperature calculation, gives highest #

% Woschni heat transfer

Aw(i) = (pi * bore ~ 2/ 2) + ((pi * bore * str
cos(radCA(i)) + (f~ 2 - (sin(radCA(i))) ~ 2) ~ 0.5
exposed unit of m2

Y%pair(i) = Pres(i)/(R*tg(i)); % density of air

%mu(i) = 3.3 * 10"-7 * tg(i) ~ 0.7/(1 + 0.027 *

%Re(i) = pair(i) * sp * bore / mu(i); %Renyolds

hc(i) = 3.26 * bore”-0.2 * (Pres(i)/1000)"0.8 *
w”0.8; % heat transfer coefficient in W/m2K pressur

dQw(i) = he(i) * Aw(i) * (T(i) - Twall) ; %J/s

dQwall(i) = dQw(i) * (1/(360*rps)); % convert W

Qwall(i) = dQwall(i) * delCA + Qwall(i-1); % cu
transfer

% recalculate gamma
if T(i) > 1000
gamma = 1.485 - 0.00025527 * T(i) + 1.3911e
3.6506e-11 * T(i)"3 + 3.6966e-15 * T(i)4;
else
gamma = 1.3966 + 6.0455e-5 * T(i) - 1.5686e
5.6788e-11 * T(i)"3 + 9.2994e-14 * T(i)4;
end

%crank angle referencing for plotting
ca(i)=degCA(i);

% recalculate Cv
Cv =.287/(gamma - 1);

% calculate gross HR
dQgross(i) = dq(i) + dQwall(i); %J/deg
dmb(i) = dQgross(i)/(LHV*1000); % fuel burn rat

% Computation of total fraction burned (kg/deg)
mb(i) = dmb(i) * delCA + mb(i-1);

% Integrate to get total heat release
Qgross(i) = Q(i) + Qwall(i);
end

%calculate MFB

for i = 3200:5000

(1)/2000 - kPres(i)

uel)) ; % ideal gas

oke/2)*(f+1-
)); % area of wall

egrat); %kg/msK
number
tg(i)~-0.55 *

e in kPa

att to J/deg
mulative heat

7 T2 -

TET()N2 -

e kg/deg
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% convert Q to %

maxQ = max(Q);

minQ = min(Q);

perQ(i) = (Q(i)-minQ) / (maxQ-minQ) * 100;

%determine CA and Pressure at SOC, 10, 50 and 9
if (perQ(i) == 0)
startmfb = 1;
end
if (startmfb == 1)
if (perQ(i) > 0) && (donesoc == 0)
CAsoc =i/10;
Psoc = kPres(i);
donesoc = 1;
elseif (perQ(i) >=10) && (donel0 == 0)
CAmfb10 =i/10;
Pmfb10 = kPres(i);
donel0 =1,
elseif (perQ(i) >= 50) && (done50 == 0)
CAmfb50 = i/10;
Pmfb50 = kPres(i);
done50 = 1;
elseif (perQ(i) >= 90) && (done90 == 0)
CAmfb90 = i/10;
Pmfb90 = kPres(i);
done90 = 1;
end
end
mca(i)=degCA(i);
end

% combustion characteristics

tento90 = CAmfb90 - CAmfb10; %10 - 90 mfb
FDA = CAmfb10 - CAsoc; % flame development angle

% FDA = CAmfb10 - CAsoc; % flame development angle
Y%efficiencies

% DATA STORAGE & OUTPUT
% save values in matrix form

out(1,1) = max(Q); %J
out(2,1) = max(T); %K
out(3,1) = CAsoc; %CAD
out(4,1) = Psoc; %kPa
out(5,1) = CAmfb10; %CAD
out(6,1) = Pmfb10; %kPa
out(7,1) = CAmfb50; %CAD
out(8,1) = Pmfb50; %kPa
out(9,1) = CAmfb90; %CAD

0% mfb
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out(10,1) = Pmfb90; %kPa

out(11,1) = FDA; %flame development angle, total CA
out(12,1) = tento90; %total CAD

out(13,1) = max(dq); %J/deg

out(14,1) = max(dmb); %kg/deg

out(15,1) = Gimep; %kPa

out(16,1) = Nimep; %kPa

%output(18,1) = combeff;

dimwrite('output.txt',out)

90



