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ABSTRACT

INVESTIGATION OF SUSTITUTION LIMITS AND EMISSIONS ® AN IN-LINE SIX CYLINDER

DIESEL DERIVED DUAL FUEL ENGINE

New drilling techniques have expanded the availability and decreased the abahdf o
natural gas. This has resulted in an increase in drilling activity. Histgripawer for drilling
and hydraulic fracturing operations is supplied by diesel engines. The power demand requires
large quantities of diesel fuel to be trucked to the well site. In an effort to reduce opeoatsg
and disturbances to neighboring communities, natural gas is being utilized in theseegroce
One approach for achieving this is using natural gas from the local pipeline and itouatitige
engine intake to convert the engine to a dual fuel engine. Some of the naturahgesbig t
substituted for diesel in the combustion process reducing diesel consumption. Natcostgas
average around one sixth of the cost on a diesel gallon equivalent and the pipelies tiegluc
number of truck-loads of diesel fuel. However, there are limits to the amount of natutstgas t

can be substituted for diesel.

This work examines the different substitution limits that exist for natural gastdieal
fuel engines across their load range. A John Deere 6.8L Tier Il diesel engine was cdowverted
dual fuel engine with a commercially available dual fuel retrofit kit. The dehkitiwas
originally commissioned as is typical of field operation based on the dual fuel kit supplier’s
previous commissioning experience. After the baseline commissioning, the dual fuel tombus
process was examined with combustion pressure measurements and exhaust gag Sa@pli
testing showed engine knock caused by end gas auto-ignition limits substitutigin latlis.

High substitutions at low loads can cause governor instability but this kisisdeyond where



the emissions levels become unacceptable. Two methods were also investigatsd for t
effectiveness on extending the substitution limits. These were adjustingsbkijiection
timing and air manifold temperature. Retarding the injection timing was ableréagec
substitution levels by approximately 4% at full load while avoiding engine knock. Lioyvére
air manifold temperature was more successful, increasing the substitution leaetsihd 10%
compared to the baseline commissioning. Advancing the timing at low loads wéneniat a
achieve any significant benefits in allowable substitution. Preheating theimgcoharge was

able to increase substitution levels by 20% at 25% load.
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1. Introduction

1.1 Compression Ignition Engines and Emissions

Internal combustion engines still hold a high level of importance in power generation in
transportation and stationary forms. The most common types are gasoline and diesebenhgines
interest in alternative fuels has increased. The interest is fostered layp éitysaand
environmental reasons associated with fuels developed from crude oil. Natural gasnmfgec
one of the most commonly used alternative fuels because of its availability atincerel
cleanliness. Dedicated spark ignited engines which operate exclusively on nataned baing
produced by original equipment manufacturers (OEM’s). Another option to utilize natural gas is

to use it in conjunction with diesel as a dual fuel engine.

Diesel engines are the most widely utilized engines because of theyr @abédthieve the
highest efficiencies. Increasing the compression ratio has been shown to increarsanubw
improve efficiency[1]. Spark ignited engines typically have compression ratios of 8-12 while
diesel engines range from 12 to as high as 24. However, engine instability at highssampre
ratios can decrease efficiency as the compression ratio is increased ton paguoline engines,
the limitation to compression ratio is abnormal combustion often referred to asbetankse of
audible sound caused by the event. In spark ignited engines knock is typically causetlbi t
air mixture in front of the flame spontaneously igniting before the flame reachesgibie. This
form of knock is termed end gas auto-ignition. This causes erratic pressure wavas tzatse
damage to the engine. Other abnormal combustion events such as pre-ignition or sutface igni
can cause end gas auto-ignition. The direct injection techniques used on canpgesson

engines control the energy release because of the time required for fuel and air tdfusborD



rates slow combustion process allowing compression engines to have higher compregsion rati

than gasoline engines while avoiding knock.

Another limiting factor for internal combustion engines desgmissions. Emissions
from combustion are known to cause health problems as well as environmental chaeges. T
limits on emissions have been steadily reduced in the US and around the world. The US
standards for diesel engine emissions are set by the Tier system. Currentlyuwndisises
engines sold in the US are Tier 4. Tier 4 standémdsonroad compression ignition engines are
outlined in Table 12]. The products of combustidar ideal are carbon dioxide and water.
Nitrogen, which makes up a large portion of air, would not react. The general equation for

combustion of hydrocarbon fuels is givas{3]:

CeHy + a(0; + 3.76N,) - xCO, + %HZO +3.76 * aN, (1)

However, chemical kinetics, which are exponentially affected by temperature, lglege role in
the process. This leads to other species in the exhaust such as NOpIN@tively NOx), CO,

OH, H2, O2 and other species.

Table 1: Tier 4 Emissions Standards in g/kW-hr for non-road compression ignition engines.

Maximum engine power Application PM NOx [NMHC [NOx+ NMHC CO
kW <19 All 20.40 7.5 36.6
19 <kW <56 All 0.03 47 450
56 <kW <130 All 0.02| 0.40 0.19 5.0
130 <kW <560 All 0.02| 0.40 0.19 35
Generator sets 0.03| 0.67 0.19 3.5
kW =560 All except generator sets 0.04 35 0.19 3.5

Particulate matter (PM) consists of solid carbon particles, or soot, with large hydrocarbon

molecules absorbed on the surface. It can cause respiratory illness by obstnuptisgeges

and introducing toxins from the hydrocarbons absorbed by the pafttiésetylene and

2




polycyclic aromatic hydrocarbons are widely accepted as the molecules formed before
particulateg1]. From these molecules, nucleation can occur in fuel rich regions. Soot formation

is theorized to begin with a carbon to oxygen ratio greater than one, which can be shown to relate
to an equivalence ratio of[3]. Direct injection of diesel creates locally rich regions suitable for

soot formation. Particles sizes can increase from both growth and coagulation processes as
hydrocarbons deposit on the soot nuclei and multiple nuclei agglomerate. This process is

countered by oxidation reactions that can produce gaseous combustion products.

Diesel engines are notorious for producing high levels of oxides of nitrogen. These are
different variations of oxygen and nitrogen, with the two major components being NdCand
These emissions are collectively referred to as.MD is converted to Ngn the atmosphere,
which reduces visibility by forming smog and contributing to acid [finNOx also harms the
lungs by forming acid and attaching to hemoglobin so the blood cannot carry oxygen throughout
the body[4]. Most fuel have low nitrogen content so the accepted production of NOx is from
atmospheric nitrogefi]. The chemical reactions responsible for NOx formation were presented

by Zeldovich. The Zeldovich NOx mechanism is outline in Equations 2-4.

0+N,&NO+N )
N+0,=NO+0 3)
N+OHe NO+H ()

The activation energy for these reactions are high, which makes NOx formation
exponentially dependent on temperature [1]. The reaction rates also dependent on oxygen
concentrations. This is typically related to the equivalence ratio. Theadepuie ratio relates the

fuel to air ratio to the fuel to air ratio of stoichiometric combustion. Lean equivalence ratios

3



mean there is excess fuel, while rich equivalence ratios mean there is excesmfuagied to
stoichiometric combustion. It has been shown that NOx formation is greatest dy &iaht

conditions and decreases as the equivalence ratio becomes either leaner [dfriche

Carbon monoxide affects the lungs in a similar manor to NOXx. It also deprives the body
of oxygen by attaching to hemoglobin, which transports oxygen throughout th¢dpo@arbon
monoxide is produced in the intermediate steps of normal hydrocarbon combustion. A general

HC combustion process is presented by Heywood as

RH - R - R0, - RHCO - RCO — CO - CO, (5)

where r is a hydrocarbon radid¢a]. Heywood also notes the oxidation from CO to.@&a

slower reaction than the earlier stages. CO emissions are typically ss$odgth rich burning

engines since there is more fuel than oxygen for stoichiometric combustion. Thisiresalhe

of the hydrocarbon fuel unused, stopping reactions at the CO stage. Diesel engines operate lean

overall so CO emissions from diesel engines are usually low.

Complete stoichiometric combustion theoretically only produc€saidd CQ. All of the
hydrocarbons should be disassociated to the equilibrium exhaust products. Hydrocarbons in the
exhaust are thus due to incomplete combustion. Hydrocarbons are pollutant emissiotesiregula
due to their reactivity in the atmosphere to create Jijodvethane does not react to form
smog, which is why the regulated exhaust emission class presented in T&abtendnethane
hydrocarbons (NMHC). Incomplete combustion can be caused by flame quenching at different
locations in the combustion chamber. The cylinder walls are lower temperatunebié
combustion process so a flame approaches the wall, it acts as a heat sink sigrafmaintt)

the combustion reactior$]. Unburned hydrocarbons can also be exhausted due to crevice



volumes or hydrocarbons absorbed into the oil on the cylinder wall. Diesel engines use direct
injection of the fuel so less of the burning occurs near cylinder walls and crevice volumes. The
unburned hydrocarbons from diesel engines are therefore determined by the cylinder conditions.
The fuel air mixture can become too rich or too lean for combustion. During the injection
process the fuel and air become stratified, to different extents. Some regions can overmix

becoming too lean and other regions that mix slow are too rich for comb[idtion

Both methane and G@re not regulated as pollutant emissions. However, both of these
exhaust products are known greenhouse gases. Growing concerns over environmental impacts
from greenhouse gases is likely to introduce regulations on these in the future. Theyaioly wa
reduce the amount of carbon dioxide produced is to increase the fuel efficiency so more work is
achieved from the same amount of fuel used or to burn fuels with a higher hydrogen to carbon
ratio (H/C).The H/C ratio is given by y/x from equation (1) and increasing the ratio will

decrease the percentage of carbon dioxide present in the exhaust.

Recent advances in technologies for diesel enginesdmabéed them to meet the EPA
standard$5] [6] [7] [8] [9]. Many of the solutions are expensive, especially after treatment
solutions. New techniques to reduce emissions without the use of after treatnstitittzeing
studied. Examples of methods for reducing emissionslacéronic injectors with a multi-shot
injection, exhaust gas recirculation, particulate filters, oxidation catalystsedective catalytic

reduction devices (SCR).

1.2 Natural Gas Resour ces
Fossil fuel resources are nonrenewable so their use in internal combustion e#ilgines
eventually be phased out. However, the 2015 Annual Energy Outlook predicts the energy

consumed will remain largely from petroleum and natural gas until 2@3@o the use of fossil
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fuel will remain prominent for years to come as shown in Figure 1. One of the changes predicted
through 2040s the amount of natural gas consumed for producing enepygdicted to

increase and therefore reduce some of the petroleum usage. Figure 1 showsmaraegtd in
renewable energy sources and the slight increase in natural gas. Although fosaillifbels

phased out it is not predicted to be a fast transition. Natural gsakused during the

transition during the phase out to reduce global warming effetisNatural gas is still a fossil

fuel but it has a larger H/C ratio than diesel or gasoline, which will reduce the carbatedioxi
emissions when it is burned. The study by Howarth examined the practicalityiatl igas as a
transitional fuel based on its emissions during extragfibh Methane has a significantly higher
global warming potential at 25 times that of carbon dioxide over 100 perso if too much

methane slip occurs during exploration, storage, transmission or use of the resource the benefit of

using natural gas over diesel or gasoline is lost.

The motivation for Howarth’s study is the increase in natural gas production from
unconventional sources has been proposed to have higher emissions than conventional wells.
The use of hydraulic fracturing and horizontal wells to access these unconventional sources i
one reason why production is increasing. The United States is transitioning frormaaoreei
of natural gas to a net exporter of natural[d&3, which is lowering the cost of natural gas. The
increase in natural gas production is because of non-conventional sources includirastight g
shale gas and coal bed meth§if®}. A schematic of oil and gas resources is shown in Figure 2.
Tight gases are generally found in dense sandstone deposits while shale gaglislocate
sedimentary rock. Both compositions of rock have a low permeability which was why they were

previously thought to be resources which were inaccessible.
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Creating fractures in the rock is required to provide permeability so the gas can be brought to the
surface through the well. Natural fractures have been sources of shale gas for years but

hydraulic fracturing, which causes artificial fractures, allows for more successful wells

1.3 Dual Fuel Applications

The increased production of natural gas has increased the availability of the fuel in the
United States and is reducing the cost. This has led to increased uses for the regoundcésbe
typical use for heating. This interest in expanding the uses of natural gas based biitgvaila
and the cost are some of the motivations behind using natural gas in internal comingsties. e
Original equipment manufacturers have developed natural gas dedicated spark igmtsl eng
The natural gas is typically mixed with the air stream before the intakéahsaand then ignited
by spark plugs with a similar design to gasoline engines. Some larger spark ignitatigss
engines use direct injection or port injection. Another option for using natural gas is to retrofit
diesel engines with a dual fuel kit. On these engines, the diesel engine iechtudifave natural
gas fumigated into the air stream. The natural gas enters the cylinder withahe @iignited

by the diesel injection.

One application that is utilizing this type of dual fuel combustion is hydraulitufrag
atnatural gas well sites. The power demand to crehyelraulically fractured horizontal weal
larger than a conventional petroleum or natural gas well. A large amount of power is required to
drill the wells, pump the fracking fluid and provide electrical power to the control stftidhs
The well sites are not typically connected to the utility grid so this poweun@lysupplied by

diesel engines. However, diesel fuel can be expensive posing high operating costs.

Natural gas has a similar energy density by mass and is lower cost for an equivalent

amount of energfl5] [16]. Even with the recent decline in the price of diesel, it is still a 6:1
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cost ratio over natural gas. The history of the diesel to natural gas cost rationsiistrogure 3.

It is six times more expensive to operate the engine on diesel, as it would be to ruran nat
gas. The engine cannot be run entirely on natural gas but high substitution rates carved achie
which still provide significant cost reductions. The sites typically haveéwuralaas pipeline in

the vicinity. Depending on the distance to the pipeline and pipeline ownership, nearbly natura
gas may be routed to the site for use in duel fuel engines. The amount of diesel consumed is less
when operating as a dual fuel engine which means less diesel has to be hauled tbythe site
tanker trucks. This results in less surface traffic of these trucks that disrupigtheoneg
communities surrounding the well. If natural gas from a nearby pipeline is not available
liquefied natural gas can be transported to the site. This is typically more expiasi local

natural gas, but still results in a savings over diesel. The diesel to ad@atio varies between

1 to 4 for a diesel gallon equivalent with an average ratio of 2.76.
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Figure 3: Prices of natural gas and diesel and the associated cost ratio [15] [16]
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Other dual fuel applications are heavy duty mining trucks and agricultural machinery,
over-the-road trucks and buses. Mobile applications of dual fuel engines have other challenge
associated with storing the fuel. Since diesel is a liquid, it has a high density astlyis e
storable in small volumes for transportation applications. Because natural gas\wwateadity
It is important to be able to store enough mass for sustained runtimes. Because ndtasahgas
low density, a large volume or a gas compression system is required. Liquefied rasural g
(LNG) tanker ships have benefited from dual fuel engines. Natural gas can be compressed and
stored at -16{ to be transported across the ocean to its destination to be regasified and
introduced into pipelined7]. Much of the natural gas boils off while in transit because
cryogenic temperatures are required to maintain natural gas in the liquid phiadmiled off
gas can be recaptured and returned to the cryogenic tanks or it can be routed to power the dual

fuel engines, which drive propellers and electric generators.

1.4 Dual Fuel Operation

Operating an engine in dual fuel mode takes advantage of the differing ignition
characteristics of the two fuels. Diesel, which the engine is originallgroksbito run on, has a
high cetane numbégt]. This is favorable for compression ignition since the fuel is intended to
auto-ignite as it enters the combustion chamber. Natural gas is very diffiauito-ignite,
having a high octane number over 100 or a methane number typically in the range of 80 to 90
[18]. Methane is the most difficult fuel to ignite and is the primary component of natural gas
Smaller quantities of heavier hydrocarbons make up most of the remaining composition of
natural gas. The natural gas can be fumigated into the air intake before a mixerted impec
the intake port. The lean pre-mixed air fuel mixture is compressed to high tesmpearrad

pressure and when the piston nears top dead center diesel is injected. The diesedaesjets
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that ignite as they enter the combustion chamber and form a diffusion flame. Onaetheésfl
initiated, it is able to transition to a pre-mixed flame and propagate through thel gassair

mixture. The schematic in Figure 4 shows the four strokes of a dual fuel engine.

1. INDUCTION 2. COMPRE S SION 3. POVER 4. EXHAUST

GAS AND AIR'MIX : c o

ENTERS ' -

CYLINDER VIA Q )

INLET VALVE \&
GAS AND AIR MIX EXHAUST VALVE
(TZOMPRE SSED, OPENS ON
RlESl:l;&p’PLR(ETSS DIE SEL IGNITE S UPWARD STROKE
DIE SEL INJECTED AN GARPD i
e S anre GHITE AND GASSES TO DRIVE
VALUE FORCES PISTON TOREO-BLIWER

DOWN

Figure 4: Schematic of the four strokes of dual fuel combustion [ 19]

When retrofit kits are installed most of the engine is left in its original condition. N
changes are made to the Engine Control Unit (ECU) or to the compression ratio. Thisrresults i
some conditions that are not ideal. Natural gas becomes the primary fuel of the engaverhow
it has a slow flame speed and may reduce the overall combusti¢20jateT he injection
timing, controlled by the ECU, remains unchanged and may result in a non-optimabcente
combustion timing. Also, there is pre-mixed fuel being compressed at high compressin rati
This increases the potential for abnormal combustion events and knock. Natural gaslidefavora
compared to other fuels for this use though because it has a high methane number. Consequently,

high substitution levels can be realized before knocking occurs.
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1.5 Specific Aims of Resear ch

The price of natural gas and its relative cleanliness makes it an ad¢tfaetivompared
to gasoline or diesel. Dual fuel operation is being increasingly employed to reducengperat
costs in which utilization of natural gas in diesel engines reduces the amount bbdresel.
This avoids the cost of purchasing a new natural gas specific engine and the reductieel in di
fuel consumption results in cost savings. The engine cannot run on 100% natural gas though
because natural gas requires an ignition source other than compression and lower compressi
ratios for safe operation. The limit of the amount of natural gas supplied to the erggileds
the substitution limit. The substitution limit is determined by either high enssevels or
engine instability. The purpose of this research is to clearly understand the factiotsgeat

further increase in the substitution rates.

Aim 1: To identify the mechanism creating engine instability asthestitution limit of dual

fuel operation.

Aim 2: Evaluate the effectiveness of different methods for increasing naturallgasioi

before onset of the identified limits.
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The primary goal of the research is to understand the limitations to the combustion of a
natural gas and diesel mixture. Upon installation of a dual fuel kit a lookup table isl¢ozate
given speed and loads which determines the amount of natural gas that can be agiked at a
operating point. A typical substitution profile is shown in Figure 5. At low loads, the
substitution is generally limited by emissions levels and at high loads itiiedifyy an engine
instability resulting in engine vibrations. It is desirable for the substitution &s begh a

possible at every load to use more low cost natural gas and reduce diesel usage.

70

60

50

40

30

Gas Usage (%)

20

10

o
1

Engine Load (%)

Figure 5: The typical substitution rate of gasfor diesel for an Eden Innovations OptiBlend Kit [ 21]

Some engine manufacturers have developed dual fuel engines while other companies
produce aftermarket products to retrofit diesel engines to benefit from the reduced costs of
natural gas. A better understanding of the natural gas substitution limit nidg eapa desigs
to further increase the substitutickn increase in substitution will decrease drilling companies’
operating costs. However, the engine must still meet the emissionstémetuce the

environmental impact and avoid costly fines due to non-compliance.
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2. Literature Review

The principle of dual fuel combustion is that a flame spreads through natural gas after
ignition of the diesel fuel. Natural gas is the main fuel source of dual fuel enginesshuirihed
in conditions designed for diesel operation. Having premixed fuel in engines with high
compression ratios poses problems though. Premixed fuel in high pressure and temperature
environments can cause engine knock. Incomplete combustion can become a problem if the
conditions are not optimal. The purpose of the current study is to clearly define the substitution
limitations across the entire operating range. Previous studies on dual fuel combuaion ha
examined the typical engine parameters and their effects on engine performancesaimhemi
Dual fuel combustion has primarily been studied in single cylinder research engutkss St
have been performed to understand the effects of these different designs. Operating differences
that have been studied for their effects on combustion and emissions are the equiviadgence ra

injection timing and compression ratio.

2.1 Knock and Pre-ignition

At higher engine loads the general understanding is that knock causes the engine to be
unstable. To better understand knock it is beneficial to understand dual fuel combustion phases
shown in Figure §22]. The combustion of dual fuel engines is described in 5 segments by
Nwafor[22]. A to B is the period of ignition delay of the pilot diesel fuel. BC shows the
combustion of the pilot fuel that becomes premixed with air during the ignition d:tayD is
the delay of combustion of natural gas. D to E is the combustion of the main fuel source and then
diffusion combustion for the remainder of the curve from E to F. Karim explains the dual fuel

combustion by separate phases of the heat releag@3ht€he initial heat release is from
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premixed combustion of diesel fuel shown by phase | in Figure 7. This corresponds to A-B in
Figure 6. Then phase Il is the heat release from natural gas combustion. This phase provides the

highest peak of heat release rates but is a short duration. Phase Il is described at diffusion

combustion from the diesel fuel.
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Figure 6: Theoretical dual fuel combustion phases based on cylinder pressure[22]
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Figure 7: Theoretical dual fuel combustion phases based on heat release rates [ 23]
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Nwafor observed different types of knock in dual fuel combug@h First, there is
diesel knock. Diesel combustion is an inherently noisy combustion because the prstzetsds
by auto-ignition. Dual fuel engines can also experience spark knock where the end gas auto-
ignites before the flame front. This occurs in phase I, the premixed gaseous fuel comBustion.
third type of knock was observed and called erratic knock. Erratic knock was observed with
increasing substitution levels and created erratic engine operation and higiepflessuations.
Karim observed an end gas knock when smaller pilot quantities are injected. If higher pilot
guantities are injected, the natural gas can rapidly combust immediately fgjltheidiesel
ignition [23]. Karim explains there are two effective ways to reduce the possibility of knock;
decreasing the compression ratio and decreasing the intake temperature. mptreasi
compression ratio is generally not considered because a higher compression ratio leads to a
higher efficiency of the engine. Reducing the intake temperature can be achieved by rééucing t

jacket water temperature or cooling the charge with a larger intercooler.

Abd Alla et al performed dual fuel research on a Ricardo E6 single cylinder engine. The
engine has a bore of 75.2 mm and a stroke of 111.1 mm. The cylinder head has a Ricardo Comet
MK V swirl combustion chamber and a compression ratio of 21.07. Their results showed a
decrease in the engine torque when knocking began as the pilot fuel flow rate wasdrigidase
Propane and methane were both used as the gaseous fuel which fumigated into the chamber
before diesel injection. The knocking torque for methane was higher than propane at every pilot
fuel flow rate. Another experiment performed by Abd Alla et al. showed that advaheing t
injection timing lead to lower engine torques when knock would H&§in The testing was

performed at 1000 rpm with injection timings of 26-30 degrees before top dead center.
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2.1 Equivalence Ratio and | njection Quantity

The equivalence ratio, given in Equation §§)®, is a common parameter used to
express the amount of air in the combustion chamber compared to fuel. The equivalence rati
presented in Equation)@s defined as the ratio of the fuel to air ratio divided the fuel to air ratio
of a stoichiometric combustion process. It is an important engine parameter tigectize
combustion significantly. An equivalence ratio of one signifies there is jusgtiteamount of
air and fuel for stoichiometric combustion. An equivalence ratio greater than onedasdidael
rich process that has excess fuel compared to stoichiometric combustion. An eqeivat®

less than one is a lean mixture with excess air compared to stoichioroattitans.

b = LA (®)

=F
/ Astoic

The equivalence ratio for dual fuel engines can be expressed as the ratio for just tkedorem
natural gas or the total equivalence ratio based on both fuel sources. The substitution ith dual fue
engines compares the amount of fuel from natural gas to diesel. In most literatteentsd the

substitution rate and defined as follows

substitution rate = — N6 (7
myG+mMdiesel
Between these two parameters the amount of each fuel and air can be determined for any
operating condition. Changing these ratios has a large effect on the combustion process.

Changing the equivalence ratio and the injection quantity effectively are chamging t

substitution.

Fredrik Konigsson studied limitations on dual fuel combustion on a single cylinder
engine with a bore of 127mm and a stroke of 154mm. The engine is a 2 L Scania engine with a

diesel common rail and natural gas injectors in the intake runners. The results wegseecbin
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a compatible Sl engine. The spark ignited engine had an increase in the coeffficégiztion

(COV) of IMEP as the fuel mixture was leaner but the COV of IMEP for dual fuel operation
remains below 2% even with 98% methane on an energy[B&§ig\lthough the combustion
process is repeatable the emissions are analyzed to determine the a#fsstofecombustion. It

was found that at stoichiometric conditions the CO monoxide emissions are at aimaXiney
become a minimum at slightly lean conditions and then increase as the comimitime is

burned at leaner conditiofia6]. Hydrocarbon emissions were at a minimum at stoichiometric
conditions and increased with leaner mixtures. Konigsson explained at stoicléaraatfitions

there are local regions that are fuel rich and unable to fully oxidize leaving CO menoxi
unreacted. As the mixture becomes leaner the combustion temperatures are reduced therefore
exhausted higher levels of CO and HCs. NOx emissions were found to have a trend opposite to
that of CO. At slightly lean mixtures the NOx emissions are at a maximum andsgeascthe

mixtures become leaner because of the reduction of the combustion temperature.

Carlucci et al performed testing on a 2 L 4- cylinder Fiat 154 D1.000 engine. The engine
was turbocharged and supplied natural gas at ambient pressure. The engine was ofided at
rpm at 32Nm, 2000 rpm at 40 Nm, and 2000 rpm at 80 Nm. Tests were performed with natural
gas adjusted and the pilot fuel tuned to reach a specific power set point and by fixing the pilot
injection duration and adjusting the natural gas flow. For each of these operating coraktions t
NOXx concentration increased with increased natural gas mass ratio s{@pli€ichis trend has
the steepest slope at high loads and speed. The THC emissions also increadaraiithasa
mass ratio. At high speed and high loads, the THC levels increase until a mass ratio of 40%.
Above this, the THC emissions start to decrease slowly. As the natural gassusagesised the

particulate matter levels decrease.

18



Papagiannakis and Hountalas performed a dual fuel engine experiment with a single
cylinder engine and varied the natural gas percenggjeA Lister LV1 four stroke diesel
engine was tested at 2000 rpm at 40, 60, and 80% load with various substitution levels. The bore
is 85.73mm and the stroke is 82.55mm. The compression ratio is 17.6:1. Their results on the
naturally aspirated engine showed a decrease in the peak pressure for each load wisilegincrea
the mass ratio of natural gas. The addition of natural gas also increases it dighéty period
and slightly increases the burn duration. The brake specific fuel consumption worsened as the
substitution was increased. The effect was minimal at 80% load but signifieéhaat 60%
load. The emissions concentrations showed similar trends to literature, the sigtdgaeased
with more natural gas. The NO emissions also saw a reduction with increased sumstihéi

effect was most noticeable at 80% load. The reduction was minimal at 40% load though.

The HC emissions were shown to increase with substitution. For each load tested, the
increase in HC emissions is about the same until a mass ratio of about 50% naturaltghs to t
mass of fuel. Above mass ratios of 50%, the low load test showed the most increase in HC
exhausted followed by the 60% load test. The 80% load test maintained the same level of HC
above a mass ratio of 50%. The CO emissions show an interesting trend. Initially assthe mas
ratio increases the CO emissions rise. At 80% load there is a peak around 50% after which the
CO concentrations decrease. 60% percent load shows the trend at slower rate. Above a mass
ratio of 50%, the CO levels do not decrease but stay the same. At 40% load, the CO emissions
rise at a slower rate initially. The increase in emissions is greater at hagheal gas mass ratios

with its maximum at a natural gas ratio of 85%.

An experiment by Karim showed a similar trend in the CO emissions to the trend

observed by Papagiannakis and Hountalas. As the total equivalence ratio intre&es
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emissions increase until a maximum around (28%. After the maximum the concentrations
decrease at a nearly the same rate as the increase at lower eqeiratiencincreasing the mass

of diesel injected increases the CO at the same total equivalenc&aatm.explains the CO
emissions are primarily from the methane fuel surrounding the diesel jets so incrleasirept

of the jets increases the amount of methane converted to CO. For this reason, the HC exhaust
concentrations have a similar profile but the peak is at a gaseous fuel equivaience

approximately 0.27 as shown in Figure 8.
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Figure 8: Methane concentrations in exhuast versus gas equivalence ratio [ 23].

When the methane emissions are examined on a percent of the fuel added to the cylinde
the amount of fuel unconverted is shown to decrease as more methane is added. For a given
amount of methane fuel addition, increasing the amount of diesel injected lowers the amount of
fuel left unconverted. The unconverted methane may be above 85% with little meth&ioa addi
and small diesel injection quantities. The increase of methane increages tluel equivalence
ratio promoting better burning until a limiting conversion rate is achieved. A sepaaer

published by Badr, Karim and Liu discuss this in terms of the flame spread[#8iit3 he paper
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discusses two engines each with a bore and stroke of 105mm and 152.5mm respectively. The
compression ratios for the two engines are 14.2 and 14.7. The authors proposed four different

operating regions and three limiting equivalence ratios as shown by the scherRigficer.
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Figure 9: HC and CO Emissions versus eguivalence ratio [ 29]

The limiting equivalence ratios @1, ®>and ®zare described as possibly being the start of
local oxidation, flame initiation and flame spreading respectively. The value ®3is used as a way
to determine flame spread limits at light throughout their testing. That isgthealence ratio is

required to be greater than ®3to successfully propagate a flame through the premixed fuel air

mixture and reduce the emissions to acceptable levels.
2.2 Injection Timing

The injection timing is just as important as injection quantity on dual fuel engines.
Adjusting the phasing of combustion affects the peak pressure, temperature, ignitiomdelay a
combustion duration. The study by Carlucci, introduced above, examined the effect of injection
timing while adjusting the equivalence ratio. At various engine speeds andHeadgction

timing is set to 19, 23 and 2Btdc. The results show advancing the injection timing earlier
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before top dead center creates a longer ignition delay after every speed and log@#esied

low speed and low load, advancing the timing reduces NO emissions. Advancing ige timi
increases NO formation at high loads though, especially with high mass ratios of natufdlega
results show the HC emissions are slightly decreases from earlier injeciim flthe effect on

HC is smaller than the effect on NO. The CO emissions have a linear relgiomshHC. At

low loads they both increase together and at high loads the both decrease together. The soot
opacity is largely unaffected by the injection timing changes at high loads. Retielingirg

at low loads did show a significant decrease in the soot formation though.

Abd Alla et al performed research on the injection timing of a dual fuel engine on the
same Ricardo E6 engine as introduced above. Their testing also shows advancing iive inject
timing decreases the HC emissi¢®S]. The reduction is greater at higher total equivalence
ratios. CO emissions were shown to have the same trend as the HC emissionsngdkianci
timing has negative effects on the NOx emissions just as shown by Carlucci. The ddvance
timing tests have the highest thermal efficiencies and best conversion rate of HC hnttk®

highest NO formation.

Krishnan et al performed a broader study of the effect of injection timing. The study was
performed on a Caterpillar 3401 single cylinder engine with simulated turbocharging from
pressurized natural gas port injection. The bore and stroke are 13.7 and 16.5 cm, respectively.
The compression ratio is 14.5:1. The engine is operated at 42 kW and 1700 rpm. The study by
Abd Alla et al. only varied the injection timing from 25 to 30 degrees before top dead center
while Krishnan et al. varied the injection timing from 15 to 60 degrees before t0ueeir.

An injection timing of 15btdc. has the lowest specific HC and NOx emissions but very low fuel

conversion efficiencie80]. The authors propose early injection timing as a method to reduce
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NOx emissions while increasing the fuel conversion efficiency. Their results showraase in

HC emissions until 2%tdc. The HC emissions then decrease until an injection timing of 45
°btdc, after which the emissions increase again. NOx emissions increase Butiilc3then

steadily reduce with further advanced injection timings. The lowest NOx emiss@observed

at 60%tdc. The highest fuel conversion efficiency is shown at an injection timing bitd&

The diesel fuel is no longer confined to the areas of jet penetration but spreads out thoroughly
into the natural gas air mixture with early injection timings. This makes nmosd|, iegions with
diesel fuel, which creates many smaller ignition centers. Because thengahters are more
distributed the equivalence ratio of the ignition centers are leaner. This is propcaedd

reduced local temperatures and a significant reduction in NOx. The distributézhigeiters

provide better burning rates of the natural gas and air mixtures.

Krishnan also published another paper on the effect of the intake temperature on dual fuel
combustion. The engine was operated at 50 and 25% load while operating with intake
temperatures of 75, 95 and 205 At 50% load the SOl is 86tdc and at 25% load the SOl is
55°btdc. The results at 50% load show a reduction of HC emissions and a large increase in NOx
emissions with increased temperatyBd. The fuel conversion efficiency is the lowest at@5
and the COV of IMEP is above 10%. Increasing the temperature increases the fuelaonvers
efficiency by 7% and decreases the COV of IMEP to 3.8%. At 25% load, the COV of IMEP is
above 26% when the intake temperature RC7and is reduced to 6.6% when the intake
temperature is 108. The results show a reduction in HC emissions but a significant increase in
NOx emissions. From 75 to 95, NOx emissions increase from 66.7 to 78.0 mg/bkWh.

Increasing the intake temperature to AMBaises NOXx levels to 236.4 mg/bkWh. The

combustion becomes more consistent at the expense of more NOx exhausted.
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2.3 Dual Fuel Performance Compared to Diesel Only Operation

The papers presented previously discuss what affects emissions from dual fuel engines
but it is important to compare dual fuel emissions to diesel only operation. Louaici et
performed dual fuel research on a Lister Petter TS1 single cylinder diesel engine.plite out
power is 4.5kW at 1500 rpm. The engine has a bore and stroke of 95.5 and 88.94 mm,
respectively, and a compression ratio of 18. At low loads, diesel only operation produces higher
peak pressures but at 60% load and above dual fuel operation produces higher peak pressures at
1500 and 2000 rpi§82]. At higher loads, the total bsfc is better for dual fuel operation but worse
at low loads. For every operating condition tested, soot levels are reduced for dual fuslropera
NOXx emissions are lower than diesel only operation except at 80% load. At 1500, 1800, 2000
and 2200 rpm dual fuel operation increase NOx emissions compared to diesel only. HC
emissions are shown to be significantly higher than diesel only operation at everingperat
condition. CO emissions for dual fuel are higher at low loads but lower than diesel only at 80 and

100% load.

Papagannaks and Hountalas also compare their results to diesel only operation at a wide
variety of operating conditions. Their results show the peak pressure of dual fuel operation is
lower than diesel for all test conditions at 1500 and 2500[83jn Their results also vary from
Lounici et al in that test data shows worse total bsfc for dual fuel operationaatdaslldnd
speeds. Their emissions results show dual fuel creates less NOx than diesel ohly for al
conditions tested. The difference is greater at higher engine loads and speeds. CO monoxide
emissions are shown to be far greater than diesel only operation. HC emissions levels are also
significantly higher than diesel only operation. Lounici showed HC emissions had a parabolic

shape with the maximum levels around 50% load. Papagiannakis and Hountalas show the
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maximum HC emissions are lowest load and decrease as engine load is increasessultsei
show the HC emissions are the same independent of engine speed. At 1500 rpm and 2500 rpm,

the dual fuel HC emissions are nearly the same.

2.4 Dual Fuel Combustion Modeling

Recently two dissertations on dual fuel engine research have been conducted at Colorado
State UniversityAndrew Hockett’s dissertation was concerned with the modeling of dual fuel
engines and comparisons to experimental results. Experimental results show adbensing
timing shortens the combustion duration and increases the peak pressures. The initial peak of
HRR from the spray ignition is increased as the injection is advanced. A simulationeintpdes
in the work shows a premixed ignition around the diesel spray, which transitions to a diffusion
flame[34]. The simulation also shows a premixed natural gas flame spreading from the jet.
Simulations also show given mass of combustion species at given times. Thene-lagpta
methane species concentrations also clearly show two distinct flames. Atutiaé ges flame
propagates through the cylinder oxygen is consumed. However, the simulation shows there is
leftover oxygen on the burned side of the propagating flame. This oxygen is able to tteact wi
the diesel diffusion flame. Hockett also notices ld@d CHO in end gas regions. This is
described as auto-ignition reactions starting before the propagating natural gasofisomaes
the fuel. The simulation shows NO formation is greatest in the diesel flametknaltiiibuted to
the premixed flame. The explanation for this is that stoichiometric non-premixed fiammest
higher temperatures than lean premixed flames. The simulation only accounted for tH@xmal N

production so the highest temperature regions display the highest NO formation.

Simulations were also performed to understand dual fuel knock. The simulation shows

the auto-ignition centers are between adjacent sprays. As premixed flames terapaga

25



converge forming a small pocket of unburned natura[3s This was shown to be closer to
the center of the combustion chamber than at the cylinder walls. The cylindepreaide

cooling to the fuel mixture so the fuel further away from the walls receive less coolirsg ditee
the areas that auto-ignite causing erratic pressure waves and knock. This is notedito be bot
similar and different than knock in spark ignited engines. Both are end gas auto-ignititsm eve
but in spark ignited engines there is one spherical flame propagating out towardsther cyli
walls. The end gas region is thus at the cylinder walls rather than located elibeentiddle of

the combustion chamber in dual fuel knock.

Wan Nurdiyana Wan Mansor completed her Ph.D. at CSU studying dual fuel emissions.
The study conducted also worked on dual fuel modeling but had more focus on experimental
results than Hockett’s. Wan Mansor observed the COV of IMEP of dual fuel operation was
significantly higher than diesel operation especially at low I1§3%]s At higher loads the fuel
consumption and efficiency were improved by running the engine as a dual fuel. At low, loads
the efficiency and bsfc were worse. Dual fuel operation was shown to have lower peak pressures

at all loads except full load.

The emissions of dual fuel operation were compared to diesel only operation. At every
load set point, dual fuel operation reduced NOx emissions comparatively to diesdlhanly.
emissions of particulate matter were reduced at all loads except full load. Theis3esn
were significantly increased at low loads but approached the levels from normabgersgion
at high loads. THC emissions are also far greater than diesel only operation. The workehows t
emissions from dual fuel operation exceeds Tier Il limits for all categories exaéipufate

matter.
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The Converge simulations performed by Wan Mansor examine pollutant emission
formation. The simulation shows CO formation primarily occurs where the equivalences ratio i
high[35]. THC emissions are shown to originate from regions with lean equivalence ratios.
Since non-premixed flames burn at stoichiometric conditions, the lean equivaleosarati
associated with the natural gas-air mixture. The simulation demonstratésaingyi more
unburned HC at 12% load compared to 75% load because the natural gas air mixture is leaner.
NOx emissions are shown to form in the high temperature regions around the diesel jet.
Simulations show the PM formation is primarily due to regions where the equivalence ratio is
greater than one. The present work is expanding on the work performed by Wan Mansor
focusing on the substitution limits of natural gas for diesel. The same engine for thenerpedri
portion is used but has been commissioned on a different test skid with some different

modifications.
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3. Design of Experiment

3.1 Engine and Generator Control

For this experiment, a John Deere 6068 Tier Il diesel engine was commissioned as a
generator set. The engine specifications are provided in Table 2 and the overallisgsiding
controllers and the dual fuel kit is outline in a schematic in Figure 10. The spemificate
listed in Table 2. The Marathon Electric generator syncs and exports electriealtpdhe local
utilities grid. Woodward Micronet, Easygen and MFR13 controllers monitor generator and grid
conditions. The Micronet is the master controller of the system. The Easygen Ri® lslfe
slaves to the Micronet for providing generator and engine safety. The Micronet comnsuticate
the slave controllers and to the John Deere ECU. The dual fuel kit was procured from Eden
Innovations. The dual fuel kit is represented in the top left corner of Figure 10. The PL@toes
communicate with the other controllers in the system. It has separate currentesmiclpot
transformers (CTs and PTs) that are read by a power meter. The natural gas throtieipositi

determined solely on the power level.

The generator frequency and line phasing have to be synchronized to the local utility grid
in order to export power. To achieve this, the throttle of the engine was controlled externally.
The engine ECU performs the logic to control the amount of fuel injected based on the cam
position and engine speed sensors. Fuel injection quantity is adjusted by the amounthef time
injector nozzle is open. A portion of the wiring harness branches to a John Deere control box. On
the control box the throttle can be selected between three options, internal attalog) e
analog and external pulse width modulation (PWM). The external analog setting is used to

accept a throttle signal from the master controller for this testing. The ergusikgle range
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is 0-5V analog voltage signédr the throttle input. The master controller uses an analog output
field termination module (FTM) to output a 0-20mA current signal for the throttle sigmal. T
current signal is wired in a closed current loop configuration as necessary for current to flow. A
large impedance inside the terminals on the control box ensures all of the cowsrarfhund

the current loop back to the return current terminal at the FTM. The precisionrrissigited

into the current loop creating the appropriate voltage difference. The ECU has leatision eit

side of the resistor and therefore processing the voltage drop as control signal. Usingwwhm's |
20mA flowing through the current loop times 250 ohms equals a voltage drop across the resistor

of 5V. Similarly, 4mA times 250 ohms equals a voltage drop of 1V across the resistor.

Table 2: John Deere engine specifications

Engine Model 6068HF 475

Engine type In-line, 4-cycle

Number of cylinders 6

Displacement 6.8L

Rated Speed 2400 rpm

Rated Power 205 kw

Aspiration Turbocharged and coolant to air aftercoo
Compression ratio 17:1

Bore X stroke 106 X 127 mm

Connecting Rod length 203 mm

Inlet valve opening 156.75 degrees before TDC
Number of injector nozzle holes 6
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Figure 10: Schematic of the controlsfor the engine with the dual fuel kit
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Once the engine is operating at 1800 rpm (60Hz generator output frequency), the engine
can be synced to the grid. When commanded to start synchronization the Easygen controller
starts to use a speed bias. The controller senses the frequency on the grid andhthefghas
three AC lines. It also measures the phasing of the voltages on each line of th&genkee
Easygen controller determines if the engine needs to be sped up or slowed by comparing the sine
wave of the voltage signal of the generator to the corresponding line voltage sidealitiity.

A speed bias signal is calculated by the difference in zero crossing locations ofdge volt
signals. This speed bias signal commands a change of approximately 1% increase s® ohecrea
throttle signal transmitted to the ECU. If the generator line frequency is |ehéindlities the
speed bias commands a decrease in engine speed. If the generator line frequency théagging

utilities the speed bias signals for the engine to increase speed.

The speed bias signal is sent from the Easygen controller as a 4-20mA signah &bcay
input FTM of the Micronet controller. The Micronet compares the bias signal to ,J2m&utral
offset. If the signal is greater than 12mA the speed of the engine is to be increasedgnfihe s
is less than 12 mA the speed is to be decreased. The current offset determines thderagni
the speed changed. The master controller calculates the speed chandeaddsimnverts this to
a change in the throttle signal. Depending on if the speed is to be increased or debreeased, t

controller will output more or less current supplied to the John Deere control box.

The voltage output from the generator on each line also needs to match the utilities for
synchronization to occur. The generator shaft has a permanent magnet generator that supplie
power to a Marathon 2000E voltage regulator. Because the magnets are permaneifi a spe
speed will always output a specific voltage. This voltage is around 180Vac at 180thipm. T

voltage cannot be changed to match the voltage on the grid so a voltage regulator is equired t
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adjust the voltage on the main stator coils of the generator. When the voltalg¢ordgas power
it will supply an excitation voltage to the stator coils of the generatorg@&herator output

voltage is proportional to the excitation voltage. The Easygen senses thewvoltathe grid and
on the generator and sends a voltage bias signal to the voltage regulator to increasase de

the excitation voltage until the voltage matches, about 480V.

When the generator phasing of all three lines, the frequency and voltage matath the g
within a small percentage the syncing controller sends a signal to close tret@etiecuit
breaker. The signal from the controller triggers a relay in the switchgear. Thepagmat the
coil of a mechanical relay. When the relay becomes switched, a 120Vacisigassed through
to a stored energy operator that closes the breaker. The circuit breaker has a shunt trig, which
a safety that can open the breaker if the engine falls out of sync. Either the Easigen or t

Micronet can trigger the shunt trip.

3.2 Dual Fudl Retrofit Kit

The natural gas was administered to the engine by an aftermarket retrofit dudl flieé kab
receives natural gas from the city pipeline at 26psi. A primary regulator drops the@tedsss
than 5psi before entering the gas train. The gas train includes a manual shutoff seleeroml
operated shutoff valve, a filter, a zero pressure regulator and a mixer. The mixer isrshown i
Figure 11. The zero-pressure regulator is referenced to the mixer at the brass fitting oheop of t
mixer so that the natural gas flowing through the gas train is at the same pressuré as the a
coming from the air filter. Air flows from the air cleaner into the mouth of the mixer, which
contains a venturi. The venturi reduces the air pressure and allows natural gas t;mbe draw

through the port on the side of the mixer housing similar, to a carburetor. The amount of natural
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gas added is controlled by the flow rate of air and the control valve mounted directly ttethe si

port of the mixer. The throttle control valve and mixer are shown in Figure 11.

The programmable logic controller (PLC) determines the position of the control valve.
The dual fuel kit includes current transformers and potential transformers installed on the
generator to measure power. The position of the control valve on the mixer is dependent on
generator power. An engine vibration sensor is included in the Eden Dual fuel kit. The vibration
sensor is used to determine the maximum natural gas substitution. The maximuiutisunbisti
determined for each of the five load break points. A lookup table of fuel control valve position
and load values is created and programmed into the PLC. When the engine is operated at loads
other than the five breakpoints the throttle position is linearly interpolated between the

surrounding commanded positions.

Figure 11: View of mixer for controlling natural gas addition to air stream.
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3.3 Instrumentation and Operating Conditions

Various sensors were mounted around the engine to monitor operating conditions. Most
of the sensors are thermocouples and pressure sensors. The specifications of the main
experimental instrumentation are presented in Table 3. All of the thermocouples usdg@ae K
thermocouples. These monitored jacket water temperature, fuel line tempentdilkee manifold
temperature, chilling loop temperature and oil sump temperature. These valudevarEOGRC
so the measurement uncertainty is #.2Type K thermocouples have an error of@.2r .75%
of reading, whichever is greater. Below 30(2.2 is the larger uncertainty. Type K
thermocouples are also used for monitoring exhaust gas temperatures. These valglkes are hi

enough that .75% of reading is the larger value of uncertainty.

Table 3: Main instrumentation specifications

Parameter Measurement Device Measurement Error

2.2C

Jacket water temperature

Omega K type thermocouplé

Exhaust gas temperature

Omega K type thermocouplé

0.75% of reading

In-cylinder pressure

Kistler 6056A

< 0.3 %FSO

Crank angle location

BEI Rotary encoder 924-

01002-9390

0.25resolution

Natural Gas Flow

Omega FMA1845AST-CH4

<1.5% of full scale

Diesel Flow

DevX

NA

The natural gas mixer is located just upstream of the engine turbocharger as shown in the
schematic in Figure 10. A laminar flow element flowmeter is installed justé#fergas train,

measuring the amount of fuel drawn into the air stream. The Omega flow meter is chitrate
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natural gas flow with a range of 0-500 slpm. The fuel and air mixture are compressed in the
turbocharger. At high loads, the compression from the turbocharger significantly increased the
temperature of the charge before the intake manifold. A Frozenboost Intercooler, model
INT000220, was installed in the air intake system to cool the charge tempsrdtue

intercooler is an air to water heat exchanger and shown in Figure 12. The coolant édsuppli
from the chilling loop, which circulates to the radiator fans dissipating heat tetmbi

conditions. A mechanical thermostat controls the flow rate of coolant through the irgercool

The thermostat is a Johnson Controls V47AB-3 thermostat. The sensing probe is located in the
air intake. For most of the dual fuel testing, the thermostat was set to control klreainta
temperature to 6. At low loads, the compression from the turbocharger did not increase the
temperature above the control set point so the thermostat closes leavittgkbananifold
temperature the same temperature as at the exit of the turbocharger. This i$&0wE®5%

load and 48Cat 10% load. The locations of the sensors are shown in Figure 13. The chilling
loop also flows through a parallel loop to the intercooler that has a shell and tube heat exchanger
to cool the engine jacket water. The chilling loop temperature varies betweefCLBeg@nding

on the ambient temperature. The chilling loop temperature is measured on thdenbdétise
intercooler in the red pipe just below the bottom of the Figure 12. The jacket wateeafthe

is maintained around 80 by in engine thermostats and the shell and tube heat exchanger. Oil
flows through a plate type heat exchanger with the jacket water. This regulates the oll

temperatures to around ®Dalso.

The diesel fuel is filtered and supplied to the high pressure pump. The fuel temperature is
measured just before the inlet of the pump. The engine utilizes a common rail coioiganal

electronic injectors. The amount of fuel injected is determined from the JohnB@édrand
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Figure 12: Sde view of engine showing intercooler system and exhaust gas thermocouples.

throttle command from the Micronet. The injectors are controlled by a solenoid and a pressure
differential on the injector needle. The diesel fuel flow is measured in DevX, the Jehe De

ECU human interface program, from the current duration for the solenoid and the rail pressure.

The injector factory calibration provides a diesel fuel flow in liters per hour based on
duration and rail pressure. DevX is also used to log the start of injection timing andssuirpre
Combustion pressures are measured with four in-cylinder pressure sensors. Kistler 6056A
piezoelectric pressure sensors are mounted in glow plug adapters. Charge amplifiers are used to
increase the output voltage for better sensing. The pressure is located to crankthrgiEl
rotary encoder that has a resolution of a quarter of a degree. The pressure measurements are
displayed in real time by a LabVIEW program developed at the EECL. Another LabVIEW

program is used to post process the pressure data to determine the heat releass fedetiomas
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burned, IMEP and coefficient of variation of each parameter. Pressure data is collected for 500

or 1000 cycles at each test condition.

The engine is equipped with eight exhaust thermocouples. Figure 14 shows tloa locati
of the instrumentation, including the exhaust thermocouples. There is one locatedxhatst
port for each cylinder and two in the collector of the manifold just before the turbocharger. One
of the thermocouples in the collector sent information to the Micronet, with a safedgwhut
The other thermocouple in the collector sends information to the dual fuel kit PLC. ldcrease

substitution levels typically increase the exhaust gas temperatures bieapseEmixed fuel

Jacket water
thermocouple g

Electronic |njector |
ontrol connection

Air manifold
temperature [§§

: e
Oil temperature |

Figure 13: Sensor locations on engine
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burns later. The PLC has a safety to decrease substitution levels if exhaust gas
temperatures become too high. In Figure 14, the thermocouple on the left in thercis |t

one connected to the Micronet and the one on the right is connected to the PLC.

Exhaust collector
thermocouples

In-cylinder
pressure sensory

Rotary h
encoder

Exhaust port

g thermocouples
Diesel fuel
e Bl L temperature

Vibration sensor
-

( : ,,.,i e el
\ RV Chilling loop
\/ temperature

Figure 14: Sensor locations on opposite side of engine
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The brake power of the engine is measured by the electrical power output of the
generator. The apparent electrical power is the sum of voltage times the oareach line in
kilovolt amps[kVA]. The real power is the apparent power times the power factor in
kilowatts[kW]. The power factor is equal to cosine of the angle delay between thgevahd
current of a single phase. The generator was operated with a power factor of 0.9 with the curren
lagging the voltage. The generator output 140kW of electrical power at full loadrater
efficiency curves are used to convert the electrical power to brake power of the engine. The
generator is a Marathon Electric generator model 433RSL4021 three phase generator. While
operating at full load with a power factor of 0.9, the generator efficiencyts BHis
corresponds to 148kW of brake power at full load. Accounting for the generator efficiency, the
brake power at full load is 148 kW. The load break points are 148, 114, 77, 40 and 15 kW of
break power at 100, 75, 50, 25 and 10% load respectiMadyengine is operated at 1800 rpm

and 60Hz generator output frequency to match the 60Hz electrical grid frequency.

3.4 Emissions

The exhaust gas is sampled via an averaging probaraadkinetic probe directed
parallel to the flow of gas located downstream of the turbocharger. The colleciedgaglied
to exhaust gas analyzers including a Rosemount 5-gas analyzer and Fourier Transform
Infrared(FTIR) spectrometer (averaging probe) and a dilution tunnel (isokinetic probe) through
heated sample lines. The Rosemount 5-gas analyzer is capable of measuring,dBIGCO

NO and NQ (collectively NOx). The capabilities of the 5-gas analyzer are shown in Table 4.

The ranges of each analyzer were set as follows for the presented emissions data: CO 0-
1000 ppm, C@0-12%, THC 0-5000 ppm, NOx 0-500 ppm and0218%. This corresponds to

5ppm, 0.6%, 50 ppm, 2.5 ppm and .18% uncertainty for CQ, TAGC, NOx and @
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Table 4: Specifications of the 5-Gas analyzer

N Mininiin Maximun
; Measurement - : : ’ ;
Device _ Concentration | Concentration Linearity
Technology ,
: Range Range
< 0.5% of
cO | Tltamar 6 R 0-100ppm | O 10000 full-seale
ppii value
< 0.5% of
CO; | Ultramat 6 IR 0 -5.0 ppm 0-30% iull-scgle
value
NGA 2000 0-10000 | “ 1%
THC: | o FID 0-1.0 ppm full scale
FID ppm
< 0.5% of
’ IEEMEAT | resamecamsoc s . full-scale
NO; 600 Chemiluminescence | 0—1.0ppm | 0—3000 ppm Sakig
" NGA 2000, RO 5 +/= 1% of full
O PMD Paramagnetic 0-1.0 ppm 0-100 % coiil

respectively. The carbon monoxide and carbon dioxide concentrations are measured by infrared

spectroscopy. Infrared light is emitted into a chamber of the exhaust gas.

The wavelength which is emitted is varied over a range by a monochromator. When the
wavelength of the radiation matches the energy of the bonds, the radiation is absorbed. When the
infrared light is absorbed, less is transmitted to the detector which is recorded. A plot of light
absorbed versus wavelength from the sample is compared to samples of known species and
concentrations to determine the level of concentrations in the exhaust gde. sArhigher
concentration of carbon monoxide or dioxide in the air would cause increased absorbance of the
infrared light. A Fourier Transform Infrared (FTIR) spectrometer employs the same principles of
radiating light and measuring the absorbance. The difference from infrared spectroscopy is the

use of a mirror to alter the wavelengths of the radiated light. The absorbance isd &eosds
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mirror position but is converted to be plotted against the wavelength by a Fourier transform of
the data. Then the plots are compared to reference samples similarlynfoaiexliprocess. An
advantage of the FTIR spectrometer is its ability able to detect many moiesspeluding
hydrocarbons and formaldehyd®n FTIR analyzer is also used to determine more species in the

exhaust stream.

Total hydrocarbon emissions are measured by flame ionization detection (FID). The
exhaust gas to be sampled is mixed with hydrogen fuel and air which is burned in a small
chambe. The burner serves a secondary purpose as a cathode while an electrode is located above
the burner, which is the collector. Burning of the sample creates ions which aredtrathe
electrode. When the ions contact the collector current is enabled to flow anddeede With
increased concentrations of hydrocarbons more ions are produced resulting in higher current
rates. The ions created are proportional to the amount of carbon present which is why a fuel
without carbon is used for continuous burning of the flame. This method does not distinguish
where the carbon atom was derived from which is why the concentration is labeledbte the t
hydrocarbon emissions. Heated tubes are used to transport the samples from the eximaust strea

to the analyzer to ensure the sample remains in the gas phase and does not deposit@eng the t

Chemi-luminescence detection is similar to FID because a reaction in a controlled
chamber is used to create a product, which is detectable electronically. dtpinstead of ions
being produced, light is emitted from the reaction and is measured by a photodetector. The
reaction of ozone with NO produch®, and Q. NO, is in an exited state which emits a small
amount of light. The light absorbed by the detector is proportional to the flow r§t®, afhich

is directly related to the NO concentration of the exhaust gas. To determineoinat afiv O,
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produced by the engine, it has to be first converted to NO then undergo the reaction with ozone

to form the excited state &f0,.

Oxygen is measured by using its paramagnetic properties which means it tdaacheda
by magnetic fields. It can also be measured by its thermal conductivity or througicalhem
means. In the paramagnetic technique two spheres are filled with nitrogen on a bdlance. T
exhaust gas is allowed to enter the chamber containing the nitrogen spheresmtlyeeta
field is imparted causing the oxygen in the exhaust sample around the balance to b &itract
the magnetic field imparting a torque on the spheres. A coil with feedback is used to nfeasure t
torque required to keep the suspensions assembly in place. The sphere is held ingplace by
shining a light of a mirror located in the center between the two spheres of nitrogen. Tlge light i
transmitted to a photodetector when it is in the zeroed position. The photodetectorsintghact
the coil as the feedback to keep the balance in place. The amount of oxygen presmreade

the magnetic pull and increase the torque required from the coil.

The dilution tunnel in the lab is used for sampling particulate matter. After the exhaust
travels through the exhaust manifold into the turbine it enters the exhaust piping routed to the
exhaust stack. In the exhaust line, a probe is positioned in the center of the tubepeitirg
perpendicular to the flow as in a pitot tube. The probe is located 4 feet from any bends and routes
the exhaust gases to the dilution tunnel via heated flexible tubing to ensure tiegpddinot
deposit on the tubing before reaching the dilution tunnel. Clean air is pulled through a high
efficiency particulate air filter before mixing with the exhaust gas. The cleamaiafid
exhaust flow are controlled by valves to control the dilution rate of the exhaust sahgfew
rates are measured for the exhaust by a venturi meter and the clean air by a turbifédhmate

and exhaust mixture are allowed to equilibrate in a residence chamber before Hethg pul
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through a filter assembly designed to remove all particles larger than 10 microns. Tl filte
weighed before and after the test with the difference being the amount of particutate mat

collected over a 20-minute sampling time.

The baseline commissioning conditions were tested up to a total of six timek kiaghc
The error bars presented in the figures are determined from the average and standand deviati
over these trials. Multiple tests were not able to be performed for each of the substitution li
and extending substitution limit tests due to time constraints. The error bars for tteseel

assumed to have the same uncertainty as the baseline commissioning underagiditians.
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4.Baseline Commissioning

An Eden Innovations Dual Fuel kit was procured for this work and installed on the 6.8 L
Tier Il John Deere diesel engine. Eden Innovations has adopted th&udbsntution level”,
which is the amount of diesel reduction, to communicate effectively with castoifhat is, the
substitution level corresponds to the amount of diesel reduction realized as naturabigaslis
via the dual fuel kit. This terminology will be used throughout this work and is defined as

follows:

[mdiesel only_mdiesel in dual fuel mode] 100 (8)

substitution % = ,
Mdiesel only

The diesel flow at each load break point was measured first when the engine was running
on diesel only. The engine was then brought to full load of 140kW electrical power. To
determine the substitution level at a specific load point, the natural gaketpasition is started
at 0% and incrementally opened manually waiting to achieve steady state opsratiofew
percentage points of opening. The throttle has 100 discrete locations from 0-100% of opening.
That is, the minimal adjustment is 1% of opening. While adjusting the throttle caaltrelfer
the natural gas, the diesel flow rate was monitored through DevX. This process contirmues up t
the substitution limit before returning natural gas flow to an acceptable Aepbisical limit
sets the substituticior 100% load due to audible knock but the rest of the set points are not as
directly limited. Figure 15 shows the baseline substitution levels aagvetimparisons between

diesel flow rates of dual fuel and diesel only operation.

Substitution at 75% load is primarily determined by governor control, such that the

engine operates smoothly as load changes through this range. The low load test points are
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determined based on the minimum diesel flow. The value of diesel consumption at 1800 rpm
with no load is arbitrarily designated as the minimum flow for cooling of the electrgecatars.

With an increase in load, the substitution is set so the diesel flow is slightly t#i®previous

load up to 50%. From a controls perspective this is required for smooth transitions between load
settings. The controller directly controls the diesel flow to increase or dethegsewer output

while the natural gas throttle is reactionary.
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Figure 15: Diesel flow rates and substitution levels under baseline original commissioning conditions.

4.1 Combustion Analysis

After the initial commissioning, a full test was performed to evaluate corohysti
performance and emissions characteristics. The in-cylinder pressure traces gtatweal fuel
operation significantly raises peak pressure over diesel only operation. This islgspiericase
at 100% load as shown in Figure 16. This is the opposite result as what was f¢28d by

Diesel and natural gas have different burning characteristics in internal camberggines.
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Diesel engines use electronic injectors that promote diffusion controlled burnirgnakural

gas is a pre-mixed flame typically ignited by a spark plug. Dual fuel opera@gocombination

of both types of combustion processes. Dual fuel can be implemented in a couple of ways. So
large bore natural gas engines can use diesel as an ignition source as a replacespamkt

plug. The diesel injection supplied is under 2% of the energy supplied to the cylinder. In this

case, the diesel is considered a pilot injection or micro-pilot.
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Figure 16: Cylinder pressure traces for diesel and dual fuel under baseline conditions at 100% load

On engines ignited by a micro-pilot, a propagating flame through the pre-mixed natural
gas and air produces the majority of the energy. This is not representative of the method of
burning observeth this work. As seen in Figure 17, somewhere between 30 and 65% of the
energy is from combustion of diesel fuel. A proposed mechanism for this type of dual fuel

combustion is the idea of multiple flames. There are simultaneous diffusion flames &®und t
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diesel jets and propagating pre-mixed flames. The increased pressure rise rate under dual fuel
conditions is evidence of a propagating flame. The proposed idea of multiple flames emplie
increased flame surface area allowing more reactions as evidenced by increaséeliseat re

rates.

The initial heat release rate profiles are nearly identical regardless of taérapenode.
The ignition begins the same as normal diesel combustion. Some of the diesel jetesapdita
there is a pre-mixed zone surrounding the jet at atodirel ratio within the flammability limits.
The pressure and temperature increase with compression to a point where auto-ignigisal of di
can occurThis is consistent with the initial heat release rate being identical for bothk itase
Figure 18. After the initial energy release, the two processes differ sigriifidaigsel operation
has a decrease in heat release before ramping back up and maintaining a caiseletke
rate for approximately 10 degrees of crank angle rotation. Dual fuel combustion does not have a
decrease in the heat release rate and increases to a higher peak but does nothaglatahof

energy release.
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Figure 17: Percentage of energy supplied by diesel and by natural gas.
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Figure 18: Burn curve and heat release rate for dual fuel and diesdl only operation at 100% load. At 100%

The diesel fuel consumption is reduced to a rate similar to 50% load. A theoretiadl plot
the heat release rate being split into separate natural gas and dieselitonsris presented in
Figure 19. The diesel heat release trace is assumed to be the same as tael 5@%t release
case because the diesel consumption is reduced by shortening the injection durationiorhe port
of heat release associated with natural gas is assumed to be the difference betWvean t
release of the dual fuel case at 100%, which is measured, and the heat release sateoof\die
operation at 50% load. Natural gas starts to add energy to the process after the diesatseache
first peak. It may start to add energy just before the first peak and increase the héigliirst t
peak. This is consistent with the dual fuel case mass fraction burn curve leadiresé¢h®iuly

profile. The slow final portion of the dual fuel mass fraction burn curve is likely due to unburned
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hydrocarbons undergoing late reactions. The 10% burn and 90% burn locations match closely
despite the differences in between 10 and 90% burn. Diesel burns at a slower rate in the middle
portion of combustion. This is likely due to the diesel fuel beginning in the liquid phase. The
liquid fuel evaporates before it is able to combust compared with natural gas alreedy ltee

gaseous phase and pre-mixed with air.

At 75% load, the pressure traces are similar to 100% load in that the dual fuel peak
pressure is greatly increased. A difference between 100% and 75% load is caused by the start of
injection timing. The ECU determines the start of injection timing based on ®geind
speed. The engine is running as a generator at a constant speed of 1800 rpm but as the
substitution level is increased the diesel flow is reduced. In general, a reductiosebfldig

advances the injection timing. At 100% load, the SOI timings are the same for dualdfuel a
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Figure 19: A theoretical heat release profile split into diesel and natural gas contributions
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diesel only operation but at 75% load the dual fuel SOI is advanced resulting in tlé start
combustion occurring closer to top dead center compared to diesel operationshbsndy
the pressure trace from dual fuel operation shown in Figure 20. The conditions at 75% load

enable a flame to propagate through the pre-mixed fuel.

The start of injection (SOI) timing for diesel only operation was 2b&fc while for dual fuel
operation the SOI was 5%tdc. The heat release rate and burn curves are plotted versus crank
angle degrees after SOI in Figure 21. The initial heat release occurs around tceasknaagle
degrees after SOI but with dual fuel reaching a higher initial peak. Similar to 100%hlead, t
maximum peak of the heat release rate is higher than the diesel only max peak bilstaea fa
faster rate. Even with the slower late reactions, the dual fuel combustion reaches$9% m

fraction burned before diesel.
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Figure 20: In-cylinder pressure traces of dual fuel and diesel only operation at 75% load. Without changes to the
ECU the diesel start of injection timing for the dual fuel mode was advanced by a few degrees.
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Figure 21: Mass fraction burned and heat release rate curves for dual fuel and diesel only operation at 75% load

plotted versus degrees after SOI.

Collectively, 75 and 100% power outputs are termed high load set points that

demonstrate similar behavidrhe dual fuel heat release trace have good agreement with the
theoretical heat release proposed by Hockett and Koni¢84b[26]. It is proposed that at both

of these conditions a flame is actually propagating through the natural gas. The ignétjois del
primarily dependent on the diesel vaporization. The heat release trace shows ristans.cte
pre-mixed combustion. The rate of pre-mixed combustion is dependent on combustion chemistry
while diffusion combustion rate is primarily dependent on the dynamics of transport and

evaporation. After ignition, the dual fuel heat release has a pre-mixed combustion shape of a

single peak, which quickly rises and falls. This is a major difference from diegel onl

combustion. Even when the energy release is reaching the final stages of combigssitdlh it

more sustained when only diesel is burning.
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A transition in the characteristics of combustion occurs at 50% load. Despite Hee/ing t
highest substitution of natural gas for diesel, 50% load has a pressure trace tHalesetbem
diesel pressure much closer than the higher load tests. The pressure tracesraee [mmdsgure
22. The peak pressure is rounded rather than a sharp peak and only a small percent higher than
the diesel only peak pressure. The substitution causes earlier SOI timing. A, dmesnitial
pressure rise occurs closer to top dead centemanor also observed at 75% load. The
difference between 75 and 50% load is that for the 50% load case the pressure rises at the same
rate as the diesel only conditions. The lower combustion temperatures generatedaatcb0% |

slow the reaction rates.

The heat release rates and mass fraction burned curves are plotted versus @ank ang|
degrees after SOI in Figure 23. For high loads the initial release of energy isiceatibyal in
timing. However, at 50% load the dual fuel case energy follows the diesel energy betease
lags behind a few crank angle degrees. This delay is likely due to the decreasessuiépre
during dual fuel operation. A higher rail pressure promotes better atomization of the liquid fuel
allowing faster evaporation. At 50% load the rail pressure is 72 MPa for dual fuel and 103MPa
for diesel only. The largest difference between the two heat release profiles isesdhd peak.
The second peak is higher for diesel while the peak for dual fuel maintains a fairly constant heat
release rate for approximately 10 crank angle degrees. A possible reason for the second peak of
the heat release occurring later is the lower combustion temperatures causirey atongn
delay of the natural gas. The burn curve of diesel leads the burn curve of dual fuel for the entire

duration of the combustion event.
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Figure 22: Average in-cylinder pressure traces for dual fuel and diesel only at 50% load.
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Figure 23: Heat release rates and mass fraction burned curves for 50% load for dual fuel and diesel only.
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Both of the low load cases display similar characteristics. The pressure heaies
release rates and mass fraction burned curves for 25 and 10% load are presented in Figures 24-
27. Dual fuel operation adds natural gas before the turbocharger. The addition of natural gas
lowers the ratio of specific heats of the air and fuel mixture. The motoring pressures for dual fuel
operation should be lower because of this. However, the dual fuel and diesel bastslwege
performed on different days. An exhaust leak or intake leak changed the boost levels for the two
tests. The dual fuel tests were performed first with normal boost levels, whicl teevtiual

fuel cases have higher motoring pressures in the low load cases presented.

Apart from different pressures during the compression stroke, the pressure traces for
diesel only and dual fuel operation at low loads closely resemble each otherisTdrergnition

delay where the pressure decreases from the maximum from motoring then rises sharply to the
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Figure 24: 25% load average in-cylinder pressure traces fod dual fuel and diesel only operation.
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peak. The heat release profiles are also similar in shape. The longer ignitienialéhe
diesel cases are likely due to the lower cylinder pressures. A longer ignitionygbetayly
results in a higher peak of energy released during the pre-mixed combustion phase as there was
more time for preliminary reactions to form radicals. Each case has some energyattzabe

main peak of the heat release rate.

The mass fraction burned data are summarized in Figures 28 and 29. The SOI timing for
diesel and dual fuel is summarized in Figure 30. For most of the conditions tested, dual fuel
operation creates conditions with an earlier injection timing than when only dhidsshg
burned. This causes the 10% mass fraction burned location to be earlier for dual fuel. Generally,
the 0-10% burn duration is longer for dual fuel operation though. At low loads the burn durations
are longer for dual fuel operation. At 50% load, the burn locations are closely matched. At high

loads the combustion process is faster.
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Figure 25: 25% load average heat release rates and mass fraction burned curves for dual fuel and diesel only
operation.
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Figure 26: 10% load average in-cylinder pressure traces under for dual fuel and diesel only operation.
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Figure 27: 10% load heat release rates and mass fraction burned curves for dual fuel and diesel only operation.
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Figure 28:Burn locations for 10, 50 and 90% mass fraction burned for dual fuel and diesel only operation.
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Figure 29: Burn durations for 0-10 and 10-90% mass fraction burned for dual fuel and diesel only operation.
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Figure 30: SOI timing of dual fuel and diesel only operation with stock ECU settings.

The dual fuel combustion events observed can be categorized in three categories. The
three categories are based on the quality of natural utilization not substitittocatEgories are
defined as follows: 1) flame propagation through natural gas and large majority of gas used, 2)
flame propagation through natural gas but flame quenching and 3) no flame propagation through
natural gas. This can also be generally split between high loads, 50% load and lowtlbagts.
loads the pressure and heat release profiles show signs of pre-mixed flame propagation. As
discussed previously, it is believed there are diffusion flames around the diesedl jpts-a
mixed flames simultaneously burning. The high load cases have significantly pegiie
pressures because of the increased flame surface area. Dual fuel operation teghks peak
pressures than diesel only operation. The transition point is at 50% load. The substitatien le
a maximum at 50% load but the peak pressure is marginally higher than diesel only operation.
Under these conditions a pre-mixed flame is likely still propagating but at slowearatenay

be quenching before all of the pre-mixed fuel is utilized.
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Lower pressures and temperatures compared to the high loads slow the chemical kinet
and could be a cause of the peak pressures not increasing relative to diesel. Latseatidm
the emissions will be analyzed, which will provide evidence supporting pre-mixad fla
propagation. The emissions of THC at 50% load increase compared to high loads, which
suggests late quenching leaving some of the pre-mixed fuel unutilized. At low loads ikesyunli
a flame propagates completely through the pre-mixed fuel and air. A possible method for the
dual fuel operation at low loads is primarily diesel is being burned and only the natural gas
immediately surrounding the jet undergoes oxidation reactions. The peak pressurasaare s
for either mode of operation. As air is being mixed around the diesel jet, natural gas is also
transported with it and introduced to the diffusion flame front. The swirl levels thus become
important at low loads to utilize the pre-mixed fuel. It is also possible that fkame
propagation occurs through the natural gas at low loads but this is less likely based on the ver

low equivalence ratios of the pre-mixed fuel as shown in Figure 31.

For all load levels dual fuel combustion is consistent. Figure 32 shows the peakgses
for each load and the coefficient of peak pressure. The coefficient of variation of the peak
pressure is in the range of 1.8- 2.3%. The diesel fuel properties control the ignitioaadelagn
at low loads and low equivalence ratios there is a low likelihood of misfiring. For egcoh,re
the natural gas burns similarly each cycle. At high loads the pre-mixed flame is pirapaga
consistently each cycle. The low COV shows combustion does not transition from flame
propagation to flame quenching. The low load cases indicate there is no alternatewnbe
flame quenching and flame propagation, which is common near the lean limit for natural gas
spark ignition engines. Any oxidation of premixed natural gas occurs consistently frortceycle

cycle. At the lowest loads, the COV of peak pressure for dual fuel is even better tiedormlies
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Figure 31: Overall and natural gas equivalence ratios of the baseline commissioning.
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Figure 32: Peak pressure and COV of peak pressure of the baseline commissioning.




The location of peak pressure and COV of location of peak pressure for dual fuel and
diesel only operation are presented in Figure 33. The location peak pressure of dual fuel
operation leads dual fuel only operation on a degree atdc basis. This is most likel\edtler
start of injection. The heat release rate is also faster at high loading conditisimg) @arlier
peak pressures. The location of peak pressure COV at 50% increases over diesel only. A
possible reason for this is the flame quenching of the premixed natural gas flamenAt2BYa
load it is unlikely a flame can propagate through the lean natural gas and air "Aik&0@6o
load the natural gas is near the flammability limit enabling flame propagatianenc/cles but

being quenched during the next cycle.

indicated mean effective pressure (IMEP) is determined from the pressure volume work
not including friction losses. The calculated IMEP from in-cylinder pressure datasesnted in
Figure 33. Although the pressure traces discussed previously appear to produce different work
per cycle values for the same load, for each load point the engine produced the same IMEP

regardless in dual fuel or diesel only mode.

The coefficient of variation of the IMEP is low for dual fuel. Figure 34 shows it only
significantly differs from diesel only operation at 25% load. At 25% load the COV is under 3%
signifying repeatable power produced from the combustion event. A COV of 10% is typically
considered a high value for misfiring or unstable combustion is occurring. Some inconsistency
combustion is observed at 50 and 25% loads compared to diesel only. At 50% load the peak
pressure location varies more than any other load while 25% load has the highest COV of IMEP.
It is proposed flame quenching is beginning at 50% load. Variance of flame quenching could

cause the location of peak pressure to change cycle to cycle.
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Figure 34: IMEP and COV of IMEP for diesel and dual fuel operation.
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4.2 Pollutant Emissions

Combustion performance analysis indicates dual fuel is a suitable alternatigseb di
only operation for field uses. The combustion is consistent and repeatable in producing power
even at high substitution levels. The substitution levels achieved will pragmécant cost
reductions for fueling engines. Dual fuel operation can even lower the brake specific fuel
consumption at high loads. Brake specific fuel consumption (BSFC) and brake efficiency are
presented in Figures 35 and 36, respectively. The brake specific fuel consumption is$ thel tota
consumed including both diesel and natural gas on a mass basis normalized by power output. At
high loads when pre-mixed flame propagation is occurring the brake specific fuel consumption is
less than diesel only operation. However, poor utilization of natural gas at low loads woesens t
fuel consumption. Natural gas and diesel have similar lower heating values m&agonable for

the dual fuel mode to have reduced fuel consumption and higher efficiencies.

600

—@— Diesel Baseline

500 —— Dual Fuel
— 400
<
=
7
<L 300
o0
@)
L
(%)
o0 200
100
0
0 25 50 75 100 125
Load (%)

Figure 35: Brake specific fuel consumption for baseline commissining and diesel only operation..
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Figure 36: Brake efficiency for baseline commissioning and diesel only operation.

The most substantial weakness of operating in dual fuel mode is the increasetamipollu
emissions levels, especially unburned hydrocarbons. Hydrocarbon (HC) emissions for diesel
only and dual fuel are shown in Figure 37. Hydrocarbon emissions from diesel only operation are
small across the load map. However, dual fuel operation emits large @saottitiydrocarbons,
primarily at low load conditions. A calculation was performed examine the ngagalupplied
that was not being burned. The HC levels of diesel only operation are subtracted from the HC
levels of dual fuel operation. This was converted from a mole fraction to a mass flow rate. The
incoming natural gas was converted into a mass flow rate of hydrocarbons by normalizing the
constituents for inert gases present in the fuel gas such as small amounts of cartderadubxi
nitrogen. The result is the hydrocarbons emitted in the exhaust as a percentage Idfasafueh

supplied. The results are plotted in Figure 38.

At high loads only 2% of fuel hydrocarbons are not burned. This is similar to HC
emissions from spark ignited engir{86]. The hydrocarbon emissions at high loads are likely
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due to typical hydrocarbon emission mechanisms from premixed spark ignition engines such as
crevice volumes and absorption by oil on the cylinder walls. At 50% load most of the natural gas
is burned but the amount of natural gas not used is starting to increase. Again, tdeniseev

that a flame is propagating but experiencing late quenching. The hydrocarbon emissions rise
sharply as load is reduced from 50%. At 10% load the unburned natural gas is nearly 20% of
hydrocarbons supplied by the fuel gas. There are two possible reasons for the amount of
unburned natural gas. The first possible reason is that the natural gas is too lean togpaopagat
flame. Only the natural gas that is directly surrounding the diesel fuel spray buinsigkmal

diesel combustion, which is dependent on mixing to introduce more air to the diffusion flame
front, dual fuel combustion is dependent on mixing to introduce air and natural gas to the
diffusion flame front. The rail pressure is decreased from 71 MPa at 25% load to 67 MPa at 10%
load. The penetration of the diesel spray jet is reduced because of the lower rail pressure. T
second possible reason is the natural gas flame is propagating but is being quenched quickly
leaving large quantities of natural gas unreacted. The first reason appears mosinideel
combustion instability (e.g. COV of peak pressure and COV of IMEP) does not significantly

increase at low load.

The carbon monoxide emissions follow the same trend as the hydrocarbons for dual fuel
combustion. Figure 39 shows at every load they are higher than diesel only operation but
extremely high levels at low loads. CO emissions are a result of incomplete comb@€l is a
required product before the formation of £0verall, the engine is running lean so there is
oxygen available for the final oxidation reaction. The high levels of CO are because of time

considerations not availability.

65



90

80

70

60 —@— Diesel Only

50 —fi— Dual Fuel

40

30

BSTHC (g/bkW-hr)

20

10

o % ———t——i

-10
0 25 50 75 100 125

Load (%)

Figure 37: Brake specific total hysrocarbon emissions versus load for diesel only and dual fuel operation.
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Figure 38: Unburned hydrocarbon emissions as a percentage of supplied hydrocarbons from gas fuel

Previous literature is mixed on the effect of dual fuel combustion on NOx emissions.

Some studies show NOx emissions are reduced compared to[28$2B] while others show

66



NOx are increasef27] [34] [25]. At low loads, the data collected from this experiment show
reduced NOx emissions but at 50% load and above the emissions levels are neanhetas s

diesel only operation. The NOx emissions levels are presented in Figure 40. N§Siorsnare
exponentially dependent on temperature. The combustion pressures and temperatures are high
under dual fuel operation resulting in similar NOx emissions. The overall conditions are also

lean and favor NOx formation since there is excess oxygen available to reacttraigieiN

NOx levels are reduced to some degree at low loads but the most substantial realuction i
emissions from dual fuel operation is from particulate matter. The particulate emissions
are presented in Figure 41. It is widely accepted that particulate matter formatios ioduel
rich zones with a long resonance time. Diesel sprays zones are fuel rich zones that allow

hydrocarbons to rearrange forming large carbon rings and progressing to soot.

The primary way for reducing diesel flow rates is shortening the diesel injectien tim
admitting less fuel to the cylinder. This reduces the volume of the diesel sprajigeésmost of
the particulate matter forms. If this were used on a higher Tier engine that used a diese
particulate filter (DPF), dual fuel mode would be a benefit. DPF’s require a regeneration to
unclog the filter so as not to cause too much back pressure in the exhaust manifold. There are
different methods for this but they typically involve using some of the fuel to burn thef thet
particulate matter. Using fuel for regeneration has adverse effects on the fuel econdrfyelDua

operation would need to regenerate the DPF less often so the fuel economy would be improved.
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Figure 39: BSCO emissions for dual fuel and diesel only across the load range
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Figure 40: Brake specific NOx emissions for dual fuel and diesel baseline operation over the operating range
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Figure 41: Brake specific particulate matter emissions for dual fuel and diesel only operation.

Arguably, the most important emissions assessment is comparison to the apglieAbl
standards. For a dual fuel retrofit the engine is still required to meet theattigse permit
level. In this case the engine is a Tier Il model so the dual fuel mode mustierdéemissions
levels, evaluated based on an ISO 8178 test cycle. The standard setsfaeasthk load based
on the percentage of the time a stationary engine is operated at tH&7p&8]. The
intermediate loads carry the most weight because the engine is operatech [2&w&&% the
majority of the time. The ISO weighted emissions are presented in Figure 42.p&fitulate
matter is within the standards carbon monoxide and non-methane hydrocarbons + NOx
emissions are not able to meet the requirements. Testing was performed zht@Eonedd 5000
feet. At sea level the engine would meet Tier Il emissions in diesel only modedategjories.
The NOx emissions for diesel only operation exceed the limit by a small amountebetaus
lower ambient pressure at elevation. The NMHC+NOx levels are further out of coredimanc
dual fuel mode mainly due to hydrocarbon emissions. To operate in dual fuel mode with the
baseline NG substitution curve and be able to meet Tier Il limits an oxidatidystatauld

need to be added to reduce the CO and NMHC levels.
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Figure 42: 150 8178 weighted emissions for baseline commissioning and diesel only operation.
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5. Substitution Limis

The baseline commissioning was configured based on previous experience of the dual
fuel kit supplier, but may not be the physical limitations of the engine. The enginestexs t
without changes to the ECU to determine the maximum substitution and the mmshanis
responsible for limiting natural gas utilization. This testing was carried out anthwstion
pressure and emissions measurements. At 100% load maximum substitution matclesitiee ba
commissioning. Substitution was limited by engine knock, which was confirmed with
combustion pressure measurements. However, Figure 43 shows three of the five break points in
the baseline substitution map are higher than allowed based on limitingmsecharl he rest of

this chapter will analyze the limiting mechanism at each load irfhdept
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Figure 43: Substitution levelsfor the baseline commissioning and within limitations without changes to the ECU.
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5.1 Knock Limitations

During the baseline commissioning an audible knock was heard while trying to increase
substitution at full load. The conditions were replicated after incorpornatioginder pressure
measurement#\ LabVIEW program is used to determine the knock intensity from the in-
cylinder pressure sensdB9]. The program uses a band pass filter to isolate the knock frequency
from normal combustion events in the knock intensity calculations. A fast Fourier transform
(FFT) is performed on the filtered pressure signal for an individual cylinder and individual cycl
The knock intensity is averaged over multiple cycles and is proportional to theusia miftthe
knock pressure peak theoretical knock frequency is determined based on the trapped mass and

mean cylinder temperature by Equations 9-12. The knock frequency equation is

Cc

fxnock = b 9

Where c is the local speed of sound and b is the bore. In Eq(@tibe knock frequency f is

the frequency of pressure waves sensed by the in-cylinder pressure sensor. The pressure wave
created by the knock event is assumed to travel at the speed of sound c at the locatiuempe

The pressure sensor is assumed to be on one side of the cylinder. The pressure wave travels to
the far side of the cylinder and back before it is sensed again. Based on this assumption the

distance component of Equation {9)wice the bore. The speed of sound is calculated f

¢ = JYRT (10)

where vy is the ratio of specific heats, R is the gas constant of air, and T is the bulk cylinder
temperature at the occurrence of knock. It is determined from the ideal gas equiigon at

pressure and volume at ignition. The ideal gas relationship is given

Pka = mRTk (11)
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where Hs the pressure, V is the volume and m is the mass. The subscript k denotes the value is
taken at the onset of knock. The ideal gas relationship is also solved at the ieefiosive,

denoted by the subscript ivc, as shown by Equation (12

PiycVive = MRTyc (12)

The pressure and volume are known from the pressure sensor, crank angle rotary encoder
and geometry of the engine. The temperature at intake valve closure is assumibe sabee as
the intake manifold temperature. This allows for the mass of the cylinder to be solved for.
Assuming no mass is lost during the compression stroke, the mass used in Equation (11) is the
same as the mass solved for at the inlet valve closure. The pressure and vajuitieratire
again determined from the in-cylinder pressure and crank angle degree. This allows for an
estimated temperature at the onset of the knock event. For the John Deere enignoekthe
frequency is approximately 5000Hz at full load. The knock frequency and knock intensity are
different for each engine and are used as a comparative tool rather than an absoltae dafidica
knock. At 100% load the knock intensity was primarily below 100 with some cycles reaching the
200 level for diesel only operation and low substitution levels as shown by Figure 44dsingre
the substitution did not change the knock intensity until a threshold was crossed. Above the
threshold the knock intensity for cylinder 1 rose to around 300. At this point it was determined
the engine is beginning to knock and will be referred to as incipient knock. The increasekin knoc
intensity is displayed in Figure 45. The substitution for normal knock-free operation isn88% a
at incipient knock it is 42%. The substitution was increased further to examine thenmset of
knock. The knock intensity values shown in Figure 46 are more in the 300 to 400 range for the
data points collected at the operating condition referred to as moderate knock. T hatisunosti

moderate knock is 46%. The knock intensity values under heavy knock shown in Figure 47 are
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consistently around 1000 with some cycles even higher. Heavy knock occurred with
approximately 51% substitution. The pressure spikes from heavy knock became larger thus

resulting in much higher knock intensity values.
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Figure 44: Knock intensity values for single cycles at 100% load in dual fuel operation without knock.
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Figure 45: Knock intensity values for incipient knock at 100% load.
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Figure 46: Knock intensity values for moderate knock at 100% load.
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Figure 47: Knock intensity values for heavy knock at 100% load.
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The same method for determining knock was used throughout the experiments. For
subsequent sections the plots of the knock intensity will be omitted for brevity. Theluadivi
cycle pressure traces will be examined providing more insight than the knock intahs#y. v
The knock intensity values show that cylinders one and five are more likely to knock than
cylinders three and four. All of the individual cycle traces displayed in the following figuees

for cylinder 1.

Figure 48 shows the in-cylinder pressure for the various levels of knock intensity at full
load. The heavy knock case shows the fastest pressure rise and earliest peak pragsure loca
characterized by large pressure oscillations. The moderate and incipient kreschaaes similar
knock frequencies. The moderate knock peak pressure occurs slightly earlier but the main
difference between moderate and incipient knock is the number of occurrences as shown by the
knock intensity values versus cycle in Figures 45 and 46. The knock-free caselbasshe
pressure rise rate resulting in a later location of peak pressure. The natural gastwdifie
discrete positions from closed to wide open. Backing off the natural gas throttle position by just a

single discrete point is able to transition from the incipient knock to within knock.

With each level of knock intensity, the pressure reaches a motoring pressure then has a
quick pressure rise ensued by the main pressure rise. This consistency of the early stages
supports an end gas auto-ignition knock. Pre-ignition and early surface ignition at deposits or hot
spots would cause the pressure to increase before reaching the motoring pressure.IThe initia
sharp pressure rise is caused by the ignition of the pre-mixed diesel fuel and some of the natural
gas locally around the diesel spray. The main pressure rise is where the differemeesn bee
knock events are observed. Heywood describes end gas auto-ignition as a race betveasa the fl

front and heat transfer to the unburned mix{atelf the end gas receives enough heat transfer
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the temperature can rise to a level at which auto-ignition can occur. At highetusidrsithe
premixed equivalence ratios are increased, accelerating end gas redatgoingreased pressure
rise rates favor the heat transfer over the flame. The higher equivalence ratiend thes

lowers the auto-ignition temperature. This causes the auto-ignition to ocder aad consume
more of the fuel before the flame front reaches the region creating larger pressure spikies from
constructive and destructive interference of the two pressure waves traveling ineopposit

directions. The concave up pressure trace leading to auto-ignition was also obsé#eedit

et al[40].
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Figure 48: Pressure traces for an individual cycle at varying levels of knock intensity at 100% load.

Another possible mechanism for dual fuel knock is the pre-mixed fuel burning
uncontrollably fast immediately following the ignition of the diesel fuel. This wolkdyibe
caused by a large diesel jet and high equivalence ratio of premixed fuel. It has been shown that

the knocking torque decreases as the diesel fuel rate is increased while magitiaiisiame
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natural gas flow ratf24]. Increasing the diesel flow rate can increase the ignition energy,
compatible to the spark energy for natural gas in spark ignited engines. Increasing the energy
supplied for ignition increases initial reaction rates of the premixed flame. If thiss daigh

enough, auto-ignition can occur immediately following ignition. The pressure ttamea slo

not support this theory though. This type of knock event would have pressure oscillations
immediately following the sharp pressure rise from diesel ignition. The heavy knecwecakl

be the closest to this type of knock but it still shows a similar pressure rise ragenasktiock

case until 5 degrees after top dead center. The incipient and moderate knock casesnhitae
pressure rise until almost reaching the peak pressure. This supports the theory of having a flame
propagating through the natural gas and some of the fuel auto-igniting before the flame reaches

all areas of the cylinder.

The heat release traces presented in Figure 49 further support the theories proposed based
on the pressure traces. All of the cases have a similar ignition delay based on dexgr&e3 aft
The ignition delay is dominated by the characteristics of the diesel fuel. Thesdhadirst peak
of heat release to be nearly identical for each case. The natural gas surrounding tfet diesel
adds to the initial heat release. The peak of the HRR of ignition is the same for edebigs
different diesel injection rates and natural gas equivalence ratios. The mosableti
differences are observed in the main energy release. The within knock case digplays st
heat release rate peak. The lower peak of heat release rate is enough to avoid knock. As the
knock events become more severe the peak of the heat release rate occurs earlghrei he hi
substitution increased the equivalence ratio of the pre-mixed fuel and alloweddasten
rates. The faster reaction rates cause the pressure to rise quicker and rea¢hpites pae

closer to top dead center. Reaching the peak pressure earlier results in the peakgiegsure
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higher and increases the combustion temperatures. The equivalence raticmthghs i also

higher making it easier to auto-ignite. This is likely one of the major factors im¢jreee

knocking as the incipient and within knock cases have similar pressure traces untliGabout

degrees after top dead center. The mass fraction burn curves for each knock case ar idisplaye
Figure 50. The moderate and incipient knock cases burn only slightly faster than the within

knock case. The increased concentration of natural gas for the heavy knock case burns faster than
the other test conditions. All of the dual fuel cases burn significantly faster thehatibs

operation.

Both 75% and 100% load share many characteristics and are grouped together as the high
loads. They both display characteristics of pre-mixed combustion and flame propagation. This
also means they are both knock limited. A major difference between 100% and 75% loads is the
injection timing based on the stock ECU settings. At 100% load the diesel flow naté ithat
the timing is not advanced relative to diesel only operation. However, at 75% load the diesel

flow rates are reduced to rates that trigger advances in the diesel injectimn tim

Operating with incipient knock, the SOl is 4.4 degrees before TDC and the corresponding
substitution is 53%. When the substitution is increased to 62% the SOl is advanced to 5.9
degrees before TDC. Early injection and high substitution resulted in heavy knock occurred
while operating at a substitution of 66%. Initially the incipient knock case was thought to be
knock-free. At 100% load reducing the natural gas throttle by a single discrete percent of
opening successfully avoided knock. However, at 75% load, the substitution was decreased by

around 10% so it was believed this was not knocking despite still showing elevatedédd. val
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Figure 49: Average heat release rates for 100% load under various knocking conditions.
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Figure 50: Mass fraction burned curves for various knock intensities at 100% load.
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The transition of the Kl is not as clearly defined because the geometry of therinject
causes multiple premixed flames that can cause a ringing in the pressur@fteaqeost
processing the data it has been determined the engine was in fact knocking even at 53%
substitution. The advanced start of injection timing caused a higher likelihood of knocking
especially with higher equivalence ratios of the premixed fuel compared to full loa#ndck
events at 75% load, however, are not audible. The engine noise sounds the same as the diesel
combustion noise. This resulted in the substitution being set above the knock threshold during

baseline dual fuel commissioning.

Figure 51 shows the knock traces at 75% load. The incipient knock case is the test at 53%
substitution originally believed to be knock-free. It clearly shows a high frequencungress
oscillation. Similar to 100% the heavy knock case experiences the peak pressesetoltop
dead center. Each pressure trace shows the initial pressure rise from digealagiditensuing
flame propagation. After some flame propagation, the pressure spikes because ofdheoignit
the end gas. There are no signs of pre-ignition even with earlier injection timing. Thelbase
traces at 75% load vary for each knock condition more than the 100% load tests. The heat releas
rates for 75% load are presented in Figure 52. The heavy knock case reaches a significantly
higher peak than the moderate and incipient knock cases. Although the moderate knock case has
a higher heat release peak than the incipient knock case. The ignition deyagsmarbased on
the degrees after SOI because the SOI timing was advanced with increasiitgfisnistvels.

Heavy knock and moderate knock occur with a SOI ofBt@c. Heavy knock is at 65%
substitution while moderate knock is at 62%. Incipient knock occurs with SOI %ttdcdand

53% substitution. However, the initial peaks all still resemble a diesel ipegtstart of ignition
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augmented by natural gas local to the ignition centers. This is shown by the ignition peatk of he

release greater than the diesel only peak.

A common technique to avoiding knock is retarding the ignition timing. The stock ECU
responds in an adverse way to avoiding knock by advancing the SOI with increased naitural ga
usage. The associated heat release rate and mass fraction burned curves ar ipresgnes
52 and 53, respectively. The dual fuel mass fraction burn curves speed up significantly after 15
degrees after SOl compared to the diesel only curve. A possible reason for the shorter burn

durations compared to diesel only operation is the increased flame surface area of dual fue

combustion.
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Figure 51: In-cylinder pressure traces for various knocking conditions at 75% load.
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Figure 52: Heat release rates of dual fuel opeartion with varying knock intensities at 75% load.
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Figure 53: Mass fraction burn curves of dual fuel operation with varying knock intensities at 75% load.
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5.2 Limitationsat 50% L oad

The baseline commissioning chapter describes three different combustion ragioms w
the dual fuel operation: high loads that have flame propagation, a transition region with flame
propagation but quenching and low loads without flame propagation. The transition point occurs
at50% load. During the baseline commissioning it is demonstrated that 50% load adieeves t
highest substitution, yet is still effectively utilizing most of the natgaal in the cylinder.
Although there seems to be flame propagation at 50% load, the natural gas throttl&éi®able
wide open and the engine will not knock. With the maximum flow of natural gas, the combustion
was consistent and the engine ran smoothly. The peak pressure shown in Figure 5Hyis actua
lower than the diesel baseline when the natural gas throttle is wide open. Wide oplenighrot
represented by the TPS (throttle position set point) max series in the figures. The subgituti
approximately 90% with the natural gas throttle wide open. The diesel flow is 2.2 L/hr at 90%
substitution, which is below the minimum diesel flow considered for the baseline
commissioning. The priority is to find the physical limits of the combustion process. Future
designs could address the cooling problem with a design change, such as using the excess fuel

flow that leaves in the return lines for extra cooling.

The combustion is dependent on the amount of diesel injected as shown by the decrease
in knocking torque from increasing the amount of diesel injected while the natural gastéow ra
is held constar4]. The likely cause is the increased diesel fuel provides more energy at
ignition accelerating the burning rates of the premixed fuel. This is why some dual fuel
experiments show lower peak pressures when operated on dual fuel compared to diesel only
operation28] but most of the test data here displays higher peak pressures from dual fuel

operation. The diesel flow for the within emissions case is 5.8 L/hr compared to 2.2 Lfhr whe
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the substitution is 90%. The increased diesel flow rate is shown to have a greatee pisss
from the diesel premixed ignition. The within emissions case rises to 5200 kPa fromitiba ig

while the TPS max only reaches 4800 kPa.

The dual fuel pressure traces in Figure 54 show some ringing but it is not the same sharp
pressure oscillations as the high load cases. The pressure transducers are moomeqdugsyl
which have a transfer tube. The resonance of the transfer tube can cause ringing in the pressure
trace but it is more prominent in the dual fuel tests. A possible explanation for thg isitiie
numerous flames found in dual fuel engines. In a typical pre-mixed engine there is a simgle fla
front traveling through the cylinder. In a dual fuel application, there are flames propdgating
each diesel jet. This causes numerous flame fronts and pressure waves traversimgitrarcyl

different directions.

8000

7000

6000

5000

4000

—— DF 90% Substitution
3000

Cylinder Pressure (kPa)

—— DF Within Emissions
2000

Diesel Only

1000

O ! T T T T T T 1
-20 -10 0 10 20 30 40 50

CAD (°ATDC)

Figure 54: Pressure traces for varying substitution levels at 50% load.
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The constructive and destructive interference of the pressure waves causes yanidtion
pressure sensed in the glow plug adapter. This is the same mechanism causingutiee press
oscillations during knock events but can be caused by normal operation of a dual fuel engine

based on injector geometries. The injectors used on this engine have six nozzles.

While the engine runs smooth with the throttle wide open, the emissions levels for
hydrocarbons and carbon monoxide increase to unsuitable levels. The Tier Il engine does not
have an after treatment system so thECEemissions are not reduced and the ISO weighted
average emissions does not comply with Tier Il requirements. An effective 2-way, diaxida
catalyst might allow substitution levels to approach 90%, but the system w@gsedet® be

implemented without adding an after treatment system.

The ISO 8178 weighted average for emissions was discussed in the baseline
commissioning chapter. The results show BECO and BSNMHCBSNOXx were not able to
meet standards using the baseline substitution map. The focus was on reducing
BSNMHC+BSNOX to acceptable levels. There are two reasons behind this decision. First, CO
and NOx typically have opposing trends to adjusting engine parameters. An atteatpice
NOx emissions would push CO emissions further out of range. Determining an emissions limit
in real time for both exhaust products would be challenging and time consuming. Second, the
focus was placed on NMHC+ NOx instead of CO because CO is relatively easy to convert to
CO, with an oxidation catalyst but an SCR system used for reducing NOx is more complex and

more expensive.

The emissions criteria are based on a weighted average of five load break points so a
method was developed to determine an emissions limit for a specific loadleeemissions

concentrations at 100% and 75% load are close to diesel levels. A reduction in subatitution
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these loads would have minimal returns in lowering the 1SO weighted emissits AMewer
loads, an increase in substitution directly causes an increase in TH@aséswl CO.

Therefore, low loads were determined to be the set points that could be used to reduce the
hydrocarbon emissions. Updated ISO weighted emissions levels were detersimigetthel

baseline commissioning levels for the high loads and adjusting values of the lightdeadAra
iterative method for the emissions levels for 50, 25 and 10% loads was used to comggare to th
ISO weighted average. The ISO weighted average of the emissions levels from 100 and 75%
load from the baseline commissioning and the iterative levels for the low loadsomgpared
against the ISO weighted average Tier Il limit. These reduced emissiahs became target
levels at an individual load to comply with Tier Il requirements. The tdNjyE#IC+ NOX

emissions levels for 10 and 25% load were 50% of the original commissioning levels. At 50%
load the emissions levels were limited to the same value as the ocigmadissioning. The

individual load emissions limits are summarized in Table 5.

The 5-Gas emissions analyzer is used for determining the emissions limits imeedd t
measures total hydrocarbons in parts per million dry. However, the Tier Il emissiors livait-

methane hydrocarbons. For a real-time calculation of non-methane hydrocarbons, the fraction of

Table 5: Target Emissions for individual engine loading conditions to meet Tier Il regulations.

Engine Loading NMHC+ NOx target level (g/bkW-hr)
100% NA
75% NA
50% 6.80
25% 7.98
10% 25.20
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NMHC to THC was assumed to be the same fraction as from the leaselin
commissioning. This is an estimate but it reduces the test time c@iyd®r exploring
different substitution rates. TO compute NMHC values more accurately the FTIBenused,
which has a longer measurement time. For the final value of the emissions NMHCarelues
computed accurately by combing FTIR and 5-gas analyzer measurements. Rtan&ljkzer is
capable of measuring parts-per-million of methane wet and the water content of & exha
products. For the NMHC values, the FTIR measured methane is converted from wednd dr

subtracted from the 5ag THC. This conversion is given by Equation J\13

CH4[ppmw] * 10°

NMHC[ppmd] = THC[ppmd] — 106 — H20 [ppm]

(13)

To meet the emissions target at 50% load the substitution was reduced to 73%. With
lower substitution, the heat release is faster than the 90% substitution shown irbbigtwe
other conditions of dual fuel operation, an increase in substitution increases théchsatnages.
A possible explanation is the lower substitution cases are releasing energy from both fuels
simultaneously. At 90% substitution there is much less energy supplied from thduwlieSEne
energy release is primarily from a pre-mixed propagating flame. The diesel fuelyis likel
consumed very quickly so the main energy release would be only from propagating flames. A
substitution of around 50% has a larger flame surface area if diffusion and pre-mixed flames
occur simultaneously allowing faster heat release rates. This benefit ihksthe substitution
nears either 0 or 100%. Another possible reason is the smaller diesel jet igritdshespre-
mixed fuel. This causes the heat release from the pre-mixed flame to lag behirat tieéchse
rate of the lower substitution case. The associated mass fraction burned curse presainted

in Figure 56.
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Figure 55: Heat release rates of dual fuel operation compaaring wide open natural gas throttle to conditions able to
meet emissions and the diesel baseline at 50% load.
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Figure 56: Mass fraction burn curves for 50% load. TPS max is a substitution of 90%. Within emissionsisa
substitution of 73%.
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5.3 Governor Instability
A physical limit to combustion exists at low engine loads. At 50% load enough diesel
fuel is being injected to reliably burn even with the natural gas throttle widebypet light
loads governor instability occurs. Figure 57 shows the electrical power expottedgtidt by
the generator and the engine speed versus time at 25% load. The same behéninteid ak
10% load. The power is hunting some with the high substitution level but with a further increase

in substitution the speed control becomes erratic because of governor instability.

As a generator set, the engine should always be at 1800 rpm to match the 60Hz electrical
frequency on the grid. When the substitution becomes very high the amount of diesel injected
each cycle is reduced to a point where combustion becomes inconsistent. Migfiiseg the
engine to drop loadl'wo separate PID’s are affected by this. The main controller has a PID for
load control and the ECU has a governor PID to maintain speed. When the engine misfires the
load control PID demands more diesel fuel to meet the load. The injectors arerahlet inore
quickly than the power from the generator so some of the additional fuel supplied increases the
speed. The governor reacts by reducing fuel to keep the speed at a constant rpm. This increase
and decrease in fuel demand becomes a cyclical pattern and continues until theisabst

reduced and the diesel consumption rate is high enough to burn consistently.

The results of Badr, Karim and Liu’s study were not recreated here [29]. There was no
point where the CO and THC emissions decreased with added natural gas addition. The governor
would only become a serious limit to substitution if the engine was equipped with a highly
effective after treatment system as the emissions are out of range well betareogavstability
occurs. The substitution levels were significantly decreased compared to thalorigi

commissioning conditions to be able to meet Tier Il emissions.
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Figure 57: Engine power and speed history as the substitution limit resulting in governor instability at 25% load is
reached.

Governor instability occurred at 94% substitution. To be within emissions limits réquire
a substitution of about 30% substitution for both of the light load cases. The natural gas throttle
was opened the minimum amount possible, 1% of opening. Some dual fuel applications cut off

the natural gas flow at light loads to avoid excessive regulated emissions.

5.4 Emissions Limitations

Figures 58 and 59 show that the pressure and heat release rates with low substitution
levels at light loads behave nearly identical to diesel only operation. Tded ditis reduced
during dual fuel operation and the nearby natural gas burns making up the difference in diesel
admitted to the cylinder. A substitution of 30% is less of a diesel fuel consumgadiaction at
light loads than at high loads. Under the baseline commissioning 100% load is the only point
tested that diesel provided more energy than natural gas. However, at 10 and 25% loads to meet
emissions over 63% of the energy is from diesel fuel. The characteristics of diebakttom
dominate the process when the majority of the energy is provided by diesel. Thef OIBP
was 33% for the governor instability tests at low loads. Figures 58 and 59 are both averaged

profiles of the in-cylinder pressure and heat release rate over 500 cycles. They sgbt a sl
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pressure rise and a slow energy release rate. Over the 500 cycle window there arelesme cyc
that probably experience a complete misfire. In the next few cycles the amount oinjeeset!
is increased to keep load and speed. The extra energy supplied from diesel is abk to ignit

causing large variations in the combustion process tgatgele.
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Figure 58: Pressure traces for 25% load with varying levels of substitution. Governor instability is at 94%
substitution and within emissionsis at 30% substitution.
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Figure 59: Heat release rate profiles for 25% load at governor instability, within emissions and diesel baseline.
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5.5 Summary

Two prominent mechanisms were determined to limit substitution levels. These
mechanisms are end gas auto-ignition and flame quenching. Governor instalildghisra
mechanism but is not a major concern because under the engine operating conditions flame
guenching caused emissions limitations before the combustion became unstable. $e therea
allowable substitution levels in dual fuel engines a diesel injector design withrasinjector
nozzles as possible is recommended. Heavy engine loading conditions provide conditions
suitable for premixed flame propagation. The limits of substitution are set by € adtga

ignition in the same manor that limits the compression ratio of spark ignition engines.

Engine designs with small bores and fast engine speeds are the most favorable to
avoiding knock. Shorter distances for the flame to travel reduces the likelihoodntiee fla
compression of the end gas will raise the pressure and temperature to the pointgrfitomno
Higher speeds slow reaction rates because of more expansive cooling. Using an injector wit
more nozzles will effectively reduce the flame propagation lengths. It is proposed thesend ga
region where auto-ignition occurs is in the center of the piston bowl between two apjcent
[34]. This is the last region a propagating flame will reach and is not cooled by the cylinder
walls. An injector with 8 nozzle holes reduces the distance between each adjaet pttdiesn
which natural gas flames propagate outwards. The overall mass of diesel injected mautid re

the same but the substitution levels could be extended by delaying the onset of knock.

The conditions at low loads do not allow for premixed flame propagation. At both 10 and
25% load it is proposed that only the natural gas in the immediate vicinity of the diésel je
being burned. The main problem is getting the natural gas to react. The diesel jets burn

consistently and will increase the injection duration to meet load so dual fuel cambusti
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achieves very low COV of IMEP values. However, it is ideal that natasapgpvides more of

the combustion energy than diesel. At low loads, the equivalence ratios are low so that flam
propagation does not occur and little of the natural gas in the cylinder is burned exhausting high
levels of hydrocarbons. The substitution rates were increased to try increasing théergaiv

ratio and promoting flame propagation but this caused governor instability.

Since flame propagation is not observed, natural gas is diffusing with oxygen to the
diesel jet. The way to reduce emissions and increase natural gas sabdtiwgibecomes a way
to introduce more natural gas to the diffusion flame. This could be achieved by increasing the
swirl levels to increase the transport of the premixed fuel and air or to increasgdbe area
of the flame. Increasing the surface area of the jets increases the amount of natural tha
participates in the diffusion flame reactions. Increasing the number of jets irctleaseirface
area to volume ratio so the same mass of fuel injected remains the same wihilg alb®aing
more natural gas to react. The conditions at 50% load allowed the highest substitetsofle
any of the loads tested. It seems to have a flame propagating but some flame quimaigng
the late combustion stages. Reducing the required premixed flame propagating distance could
help reduce the THC emissions at 50% load. Finding a single solution for increasing the dual
fuel substitution is difficult because opposing characteristics are desirezth&nebof the load
range. The next chapter will examine two methods for extending substitution without major

hardware changes.
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6. Extending Substitution Limits

With substitution limiting mechanisms clearly identified, the next goaltwasaluate
methods for extending substitution limits. Two methods that are examined in this section are
start of injecting timing of diesel fuel (SOI) and air manifold temperature. Figure 60 shows
substitution levels achieved by adjusting the SOI and air manifold temperedonpared to the
baseline and within limits substitution maps. The within limit and baseline s®miomng match
substitution levels at 100% load. It was found that the engine was actually knocking at 75% load
under baseline commissioning so the knock-free substitution is lower for the withgriayit
The substitution at 50% load is the highest without any adjustments to the operatingeenditi
The baseline commissioning substitution map is higher than any of the other tests gv&we abl

achieve at low 25 and 10% loads.

End gas auto-ignition limits substitution at 100 and 75% load. Retarding the injection
timing is successful in extending the substitution at high loads by delaying theobkisetk.
Lowering air manifold temperatures is even more effective than adjusting the 8@&simg the
allowable substitution by 10 percentage points or more over the baseline commissiotting. Wi
lower air manifold temperatures, the substitution at 75% load is able to reach the difigimyst
operating condition at nearly 80%. The engine runs well with high levels of substitution at 50%
load without knocking or governor instability. However, the emissions become aibmitat
because of excessive THC and CO emissions. Adjustments to the SOI and air manifold
temperatures are not able to increase the substitution levels at 50% loadciAgithe SOI at
25 and 10% loads is not able to increase the substitution. Preheating the intakes@marge i

effective way to convert more of the premixed fuel and reduce THC emissions allowing higher
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substitutions. However, this was not able to be achieved at 10% load. The subsequent sections
examine the effects of adjusting the SOI timing and air manifold temperatures ogitie e

performance.
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Figure 60: Comparison of substitution levels at baseline commissioning, within limit and at the optimum SOI timing.

6.1 Start of Injection Timing

In the last chapter, results showed stock ECU settings can make timing changes that
hinder natural gas utilization. This was observed primarily at 75% load where th®mjec
timing was advanced with increasing substitution leading to knock. Changes to the H®U are
typically made when retrofit kits are installed. It is desired to know how much thetgtisti
can be increased if access is available to adjust some ECU parametatsolbisnote that the
John Deere engine tested uses multiple injections only during the warm up period. Once the

engine is warm, a single injection of diesel is used. A pilot injection would be ezntival
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advancing the SOI. Most new diesel engines soldamselti-injection scheme as a solution to
comply with Tier IV emissions requirements. Installing a dual fuel retrofit kit on aoengine

could benefit from access to the ECU to enable a single injection scheme.

6.1.1 100% L oad

The normal SOI timing for dual fuel operation at 100% load$d8. The timing was
retarded to 2btdc. The later ignition adjusts the combustion phasing later after tdc. Exhaust g
temperatures limit how late the injection timing can be set. Lateimjettmings result in
burning later into the exhaust stroke and elevate the exhaust gas temperatargifide
manufacturer recommends keeping the exhaust temperatures bef@wandCperforming a
shutdown at 75%. Each cylinder had an exhaust port thermocouple to monitor these
temperatures. With a SOI of 2 the exhaust gas temperatures measured in the@xhexssto

the manifold were around 79D for each cylinder with the highest reaching 5

Figure 61 shows retarding the injection timing shifts the combustion process later after
top dead center. Other than being shifted, the SOI 2 and no knock cases are veryAsimilar.
timing change of 1is a small change so there are minimal effects to the profile of the pressure
trace. The main difference between the two curves is the standard timing cadgethée
retarded SOI timing curve Hy throughout the power stroke. The pressure rise rates are similar
as well as the peak pressures senbbe.substitution is four percentage points higher with the
retarded timing. The expansive cooling lowers the end gas temperature enough to avoid auto
ignition before the flame reaches the final regions of the combustion chamber. A keeckitta
the retarded timing is also plotted for comparison. A higher substitution increases the

equivalence ratio of the end gas and results in the classic knock pressure trace.
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Figure 61: In-cylinder pressure traces for 100% load at the substitution limit under normal ECU settings and
retarded SOI. The air manifold temperature is 60C just as during the baseline commissioning.

6.1.2 75% L cad

The largest benefit from adjusting SOI timing is observed at 75% load. The amount of
diesel fuel injected during dual fuel operation is typical of operation at a lower load if running on
only diesel. At lower loads it is typical to advance the timing but this actimmidematic for
increasing substitution. Operating with a substitution of 66% and normal ECU seben§ok
is advanced to 5.%tdc and resulted in heavy knock. Retarding the timing®®TDC enabled
the engine to operate safely at 66% substitution. This is a greater increasaibysttieti®n than
achieved from retarding the timing at 100% load. Figure 62 shows individual cycle pressure
traces for knock under normal timing and the retarded timing cases. With a SO tié.9
pressure rise due to combustion starts at tdc. Retarding the timing pushes theéstiale rise

later after tdc. With combustion occurring later in the expansion stroke the peakgiess
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reduced by around 2000 kPa. There are some pressure oscillations in tRe&s@l laut not the
large pressure oscillations at the peak pressure. At the 50% load case, the pressucanirigeng
caused by normal dual fuel operation because of the geometry and multiple flames propagating

from around each diesel jet.

The heat release rates are presented in Figure 63. Reaction rates are controlled by
temperature, pressure and concentrations of fuel and radicals. The heavy knock case dnd the SO
3° case have similar substitution levels so concentrations of fuels are similath&ftgnition
delay, the pressures are similar for the knock and 3€dsk also. The difference between the
two cases is the phasing of the SOta8se is later in the expansion stroke so the cylinder volume
is larger. The greater cylinder volumes during the combustion process results in lower
temperatures and thus lower heat release rates. The heat release ratesach stigher than
diesel only operation at 75% load. The exhaust gas temperatures in the ports were ésdwee
670C so retarding the timing did not pose a risk of damaging the exhaust valves or turbocharger

components.

The heat release traces presented in Figure 63 show dual fuel operation has a longer
ignition delay compared to diesel only operation. The diesel is injected in a jetlsures
locally rich and above the rich flammability limit. Some of the diesel must mixawitto a state
that is within the flammaubility limit. In diesel only operation, the mixing is dr@ween diesel
and air. During dual fuel operation, some of the air in the cylinder is displaced with natural gas
This makes the mixing duration longer to achieve a fuel to air ratio below the upperflimi
ignition. The ignition delay is independent of injection timing. The initial stage ofrbksmse
for the heavy knock cases, which diesel is injected &ibbde, and the retarded timing case line

up well when plotted versus crank angle degrees after SOI. The first peak of the heaigeleas
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Figure 62: Individual cycle pressure traces at 75% load with normal and retarded SOI timing.
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Figure 63: Heat release rate profiles for 75% load with various SOI timing.
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larger for dual fuel operation than diesel only operation. The natural gas is adding to some of this
early heat release. Also, since the mixing takes longer to reach flammableotsdiite

transport of the jet entrains a larger area of the combustion chamber. The heat teledsbaa

heavy knock and no knock case with a SOI of 3 start to deviate after 12 crank angle degrees. The
knock case reaches a peak heat release rate of .015 KJ/CAD greater than thes8OTt3eca
substitution levels are the same the slower heat release rates are due tevegpahsg

slowing the chemical reaction rates.

6.1.3 50% L oad

During the substitution limit testing, it was found that 50% load is able to operate with
the natural gas throttle wide open. This much natural gas flow led to an emissited limi
condition for the engine rather than an abnormal combustion event. The Tier loimtitrees
oxides of nitrogen and non-methane hydrocarbons into one category. From the baseline
commissioning results it was determined the NOx levels were nearly the saleseal only
operation but the hydrocarbon levels were elevated. This makes reducing THC entigsions
focus of adjusting the SOI timing. The initial prediction was advancing the twilhgeduce the
hydrocarbon levels. Advancing the injection timing moves the peak pressure lotademntc
top dead center and typically raises the peak pressure. A higher peak pressure earlier in the
expansion stroke is accompanied by elevated cylinder temperatures for longer durations that
should promote burning of the pre-mixed natural gas. While this result was observed, the effect
was marginal. In fact, the increase in NOx from advancing the timing was more than the
reduction in hydrocarbon emissions. A test was performed at retarded timings to tggtidsiee

of the initial hypothesis. Retarding the timing reduced NOx with a slight increase in
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hydrocarbons. This result was unexpected because the best of the conditions testad Df

injection timing of 2°btdc. The brake specific emissions at 50% load are presented in Figure 64.

The BSTHC and BSCO emissions are much higher for dual fuel operation compared to
diesel only operation. Adjusting the SOl is able to reduce the NOx levels belowdbkatiky
operation levels though. The BSNMHC and NOXx levels are brought closest to diesel ney val
by retarding the SOI. The within emissions limit and SOI 2 case were operatiaghastigution
of 74%. For comparison, advancing the SOI fbtfic and operating at a substitution of 74%,
the emissions were 3.22, 6.44, 7.62 and 8.98 g/bkW-hr for BSTHC, BSCO, BSNOx and
BSNMHC+ BSNOX, respectively. The increase in NOXx is the largest change inoemievels

from advancing the timing.

Observing the 5-Gas exhaust concentrations live during the testing revealed a few
consistent trends. First, the concentration of hydrocarbons in the exhaust stream igdontroll

primarily by the substitution level while having little response to SOI timivagnges. At the
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Figure 64: Brake specific emissions levels for 50% load at various SOI timing and substitution levels.
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same substitution, the THC concentration in the exhaust was 3.22, 3.32 and 3.09 with
injection timings of 8, 5.8 and®tdc, respectively. Second, concentrations of NOx are

controlled primarily by SOI timing and are largely unaffected by substitution levels.

The in-cylinder pressure traces and heat releases rates are presentedsrobign66.
The highest level of substitution corresponds to the most natural gas fumigated intakbe
and reduces the ratio of specific heats more than any other test condition. The difference i
motoring pressure is just less than 1000 kPa compared to diesel only operation where only air is
compressed. With dual fuel operation and standard ECU settings for SOI, the initial pressure ri
occurs at nearly the same time as diesel only operation. When the SOl is retarddishdiie cy
pressure drops by approximately 500 kPa from peak motoring pressure before combustion starts
to increase the pressure af.Ibhe peak pressure of dual fuel operation with stock timing is
greater than diesel only operation but the peak pressure of dual fuel operation with retarded

timing is less than that of diesel by over 1000 kPa.
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Figure 65: Average in-cylinder pressure traces at 50% |load with various DF and diesel only conditions.
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The heat release rates for dual fuel with stock timing and a SOlhafv2 similar profiles
when normalized to degrees after SOI as shown by Figure 66. Again, the ignition dehaers
because of a longer mixing process to achieve flammable conditions. A major difference
between dual fuel and diesel only operation at 50% load is the first peak of heat release
compared to the second peak. For dual fuel operation, the first peak of heat release rate is greate
than the second peak of heat release. For diesel only operation, the second peak of the heat
release rate is greater than the first peak. At high loads, the first peak iathelégse rate of
dual fuel combustion is greater than diesel only operation because some natsrabgas i
entrained in the premixed diffusion combustion of diesel. At 50% load, this has a large enough
effect that the peak is higher than the primary heat release rate. Typicallygwmbats so this
characteristic where the first peak is the primary energy release. Although thelé&se rates
are similar for both dual fuel cases, the pressase rate is slower in Figure 65 for the later
injection timing. This is also shown by the second peak of the heat release lagpiegfahind

the standard injection timing case than at the first peak.
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Figure 66: Average heat release rates at 50% |load with various DF and diesel only conditions.
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6.1.4 25 and 10% L oad

Quarter load shows a similar trend to Hadid based on SOI’s timing effects on
emissions. The substitution controls THC emissions while timing primarilyaeitiOx
emissions. However, at a lower load the combustion pressures and temperatures aretlosve
effect of timing on NOx emissions is diminished. The emissions at 25% load are presented i
Figure 67. The optimum timing was’tdc at 50% load but it is earlier at 25% load. Advancing
the timing has a more substantial effect on THC compared to NOx at light load so tenopti
timing is at 5°btdc, which was the same timing as under normal ECU configurations. For this

reason, the emissions for the within limit case and SOI 5 tests are neadynihe s

The substitution is reduced to around 30% to be able to meet emissions. With this little
energy coming from natural gas, the THC emissions are greatly reduced. Carbon monoxide
emissions also are reduced from less natural gas usage. The NOx formation ishgnedier t

baseline commissioning that operated at higher substitution levels.
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Figure 67: Brake specific emissions at 25% load for various conditions.
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The combustion is primarily from diesel combustion and at stock injection timings so the
NOx emissions are similar to diesel only operation. The BSNMHC+ NOx emissions are only
slightly higher than the BSNOX levels. This shows most of tHE’S exhausted from the engine
are methane molecules. Without flame propagation at low loads, most of the THDr$rase
due to fuel in regions away from the diesel jets that are not introduced to the dieseltmymbus
by methods of air turbulence such as swirl. The energy release is primarily from théugiesel
so the pressure trace is nearly identical to a diesel only pressure trace. Tine prasss and
heat release rates are shown in Figures 68 and 69. The dual fuel tests do not show amincrease i
the height of the peak HRR as shown at higher loads. The heat release is slightlgdagter t

for dual fuel cases than the diesel baseline initially and then slightlyrsiowards the end of

combustion.
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Figure 68: Average in-cylinder pressure traces at 25% load
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Figure 69: Average heat release rate at 25% load

The lowest pressures and temperatures of any of the engine operating conditions are at
10% load. Because NOx is exponentially dependent on temperature, the SOI timing chainges ha
the least effect on NOx. It is determined that a start of injection timingluti® was able to
reduce the combined NMHC + NOx emissions the most. However, even with an advanced
injection timing any increase in substitution would increase the hydrocarbon eméaisomesthe
defined emissions limit at 10% load of 25.2 g/bkW-hr for NMHC+ NOXx. A timing change was
not able to increase substitution levels at either 25 or 10% load because of this. The brake
specific emissions at 10% load are shown in Figure 70. The diesel flow rate is fhargina
reduced when running on dual fuel at 10% load. The substitution rate is around 30% so the
energy release is primarily from diesel fuel. The pressure trace again is véay trthe diesel

baseline trace. The in-cylinder pressure and HRR are presented in Figures 71 and 72.
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Figure 71: Average In-cylinder pressure at 10% load with advanced injection timing.
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Figure 72: Average heat release rates at 10% load with advanced SOI timing.

Advancing the SOI timing from 6.5 to°8Btdc shifts the peak pressure closer to top dead center.

It is possible advancing the SOI timing even earlier would be able to decreasnTisfbons.

However, it is likely that the equivalence ratio of the premixed fuel would have todie m

higher. The equivalence ratio for both dual fuel tests presented in Figure 70 are around 0.12. The
heat release rate for each dual fuel case is similar despite phasing. iHrergection results in

a peak pressure that is approximately 500 kPa higher than at stock timing. This is alsaethe s
amount the pressure decreases from the peak motoring pressure to the start of the pressure rise

from combustion around 1atdc.

6.1.5 Summary

Adjusting the start of injection timing of an engine affects the combustion in two ways.

First, the volume at which combustion is occuring is changed. Second, the duration of
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combustion can be increased or decreased depending on the direction of the timing change. The
first mechanism changes the pressure and temperature by the ideal gas law.a%se incre

volume decreases the pressure, disregarding any reactions. A decrease in presgsoe will
decrease the temperature of the gas. The lower temperature will resulten chamical

reaction rates. This is a desired effect at high loads where addition of naturargasdaac

reaction rates. The fast reaction rates cause very fast pressure rises anesincteagperature

of the unburned fuel air mixture. This can lead to end gas auto-ignition that damages primary
engine compinents. Slowing the reaction rates allows more natural gas to be adieled whi
avoiding abnormal combustion events. An increase in chemical reactiorsrdéssred at light

loads to promote burning of all of the premixed fuel. Advancing the SOI timing should increase
the pressure and temperatures of combustion. The combustion duration also becomes an
important factor for low loads, especially for premixed flames. If the duration is too long, the
volume of the combustion chamber can increase too much allowing flame quenching to occur
and exhausts high levels of pollutant emissions. Advancing the SOI can inbreeasenbustion
duration before conditions favor quenching and thus utilizing more of the fuel. This mechanism
does not affect diesel combustion though because of the burning characteristics ot dissel. |
does not affect dual fuel combustion when the equivalence ratio is too low for flame prapagati
This is case of dual fuel operation at light loads and why advancing the SOI at laghis ot

able to provide increases in substitution levels. The primary effect of changing thiemnjec

timing for dual fuel operation is making small adjustments to the combustion temperature

6.2 Air Manifold Temperature
During the baseline commissioning the dependence of substitution on air manifold

became evident while a thermostat setting was being selected for use throughesitahthe
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testing. The setting was desired to be a temperature that is reasonable foefigidopThis

was originally set to 6% but then lowered to 6C. Even this small change allowed a substantial
increase in natural gas utilization. This is the intake manifold temperagedethroughout

baseline testing and the variation of SOI timing testing. Testing to exameimeagnitude of this
effect at different loads was performed. The hypothesis is lowering the air manifplerétane
slows the reaction rates delaying knock. At low loads, heating up the incoming charge adds
energy to the fuel air mixture reducing the amount of energy needed from combustion of diesel

to burn the surrounding natural gas.

6.2.1 100% L oad

The results shown in Figure 73 confirm the prediction that reducing the air manifold
temperature allows an increase in natural gas usage. The accompanyitiggquat@ence ratio
and pre-mixed equivalence ratio are shown in Figure 74. The overall equivalemgenarally
decreases as the substitution increases because air is displaced by natunal mgisiral gas
equivalence ratio increases with the substitution level as the AMT is lowdredesting to
extend substitution limits by retarding the SOI timing at nominaC6ére also plotted. After
determining the increase in substitution based on only changing the air manifold tenepénat
SOl timing was also changed as an optimum case. An air manifold temperatut€ ah82SOl
timing of 2°%tdc enabled the engine to safely operate with close to 55% substitution. At the same
air manifold temperature changes to the SOI timing increase the substitution by apptyxim
four percentage points. Decreasing the temperature by clostCt@@@nds the substitution

limit by ten percentage points.

The thermostat controlling air manifold temperature is able to control from 4PEos®2

most of the cases the thermostat is at a controlled condition. The tests wighatemgs below
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47°C, the thermostat was adjusted to be wide open the entire time so the intercooler was
operating at maximum cooling capacity. The coolant temperature slowly inefeasethis and
is not able to hold the very low temperatures indefinitely. The temperature esdomaenough

to take short test points to demonstrate the trend.
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Figure 73: Substitution levels versus air manifold temperature at 100% load. The arrows represent the increasein
substitution from retarding injection timing.
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data presented in Figure 7.
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The pressure traces for the varying temperature cases are presented inF-ighee
8(°C test has the lowest substitution level but the highest peak pressure. The peak pressure
decreases with air manifold temperature and occurs later after top dead centest dh22e
has a significant change in the pressure trace compared to most of the high load dssfuel te
The pressure resembles the diesel baseline more than the typical dual fuel pes=siréhe
peak pressure is significantly lower than the other dual fuel cases although still hightetha
diesel baseline. The pre-mixed equivalence ratio is the highest for thedelst air manifold
temperatures and lowest at high temperatures. This shows the reaction ratestiangern

dependence on temperature than the concentration levels.

The motoring pressure is lower for the dual fuel cases compared to the diesel only case
because of natural gas lowering the ratio of specific heats. The difference in peak motoring

pressure is about 500 kPa. The ignition delay is the longest for ¥6eeXt. It also has the
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Figure 75: In-cylinder pressure traces for 100% load with varying air manifold temperatures.
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largest initial pressure rise. The location of peak pressure moves later after nokhevhe
charge temperatures are lowered. The location of peak pressure does not move farther back than
about 17°atdc though. The difference in peak location is small between the 60 @Wik&3 and
the peak location is the about the same between the 50 &d\84he crank moves further
from top dead center the change in volume with every CAD increases. Arodattié The
volume expansion is likely causing more expansion cooling that the heat releastatates

decreasing if not already slowing due to reduced radical concentrations.

The heat release traces for each test with varying charge temperatureseareegra
Figure 76. The initial heat release traces are similar for 80, 70 46dAA®BO°C, the
combustion quickly transitions from the initial energy release to the main phase of combusti
The test at 7T has a longer delay before the primary energy release. The te¥t d&taB0an
even longer delay with a slight reduction in heat release rate before ramping bakis weldy
period is the main differentiation point between the higher temperature cases. firetiual
literature the dip in the heat release curve is termed the primary fuel ignitegn[@2].
However, the peak of the initial heat release for each dual fuel test is gneateigsel only
initial peak. Therefore, some of the natural gas is being entrained in the diffusion mixing of the
diesel with air and releasing more energy in the initiation phase of combustion.i#lgpoasse
of the delay in the heat release is the diesel fuel transition from premixed to diffusion bArning
limited amount of fuel is readily available to be burned in the premixed initiation of ctorbus
When this fuel is depleted, there is a delay for more fuel to be mixed at a proper air toaduel ra
When the intake charge temperatures are low, the natural gas burning during this transition
period does not fully make up the difference for diesel not burning. As the charge temperature

increases, more combustion of natural gas will take place limiting the dekayTtha profile of
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Figure 76: Heat release rates for 100% load at varying air manifold temperatures.

the remainder of the heat release profiles are similar but shifted based on the delay around

8°atdc, except for the 2@ profile.

A possible explanation for the is based on the fact that natural gas is pre-mixed with ai
before the turbocharger so the elevated temperatures from compression ardialgoheea
natural gas. The intercooler is adjusted to only bring the temperatures downreacedant. At
elevated temperatures the natural gas undergoes more thermal decompositmrsreeftre
the start of combustion creating a larger radical pool. The larger radical pool redutelayhe
from the ignition of the diesel fuel to burning of the majority of the natural gas. A theoretical
temperature at top dead center can be computed using Equation 14 assuming isentropic

compression.

T2 = Tlry_l (14)
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Tois the temperature at tdc. i assumed to be the air manifold temperature controlled
by the thermostat. This neglects heat transfer to the charge in the block and cylede
compression ratio is given by r, which is 17 for this engine. The ratio of specifichests,
assumed to be 1.35. For an air manifold temperature®@f, 8@ is 215C using these
assumptions. At 6 intake, B is 16C. When the air manifold temperature i$Q4T> is only
65°C, almost the same as air manifold temperatures. At this low of a temperatundikesy

much thermal decomposition is creating a radical pool.

At 50°C the ignition delay starts to lengthen. The longer the ignition delay results in a
higher first peak in the heat release rate. The longer ignition delay allows mer®titransport
of the diesel spray and more natural gas entrainment resulting in more fuel readilylavail
ignite at the time of ignition. The delay to the primary heat release issitmiat 66C but
occurs later due to the longer ignition delay. The most interesting observationtherbest
release rate of the 22 test. The lower pre-mixed temperature causes an even longer ignition
delay. The peak of the heat release rate is much lower than the higher tempaedtiuel tests.
The higher temperature tests rise to the peak of heat release and then fall jicktinagthey
rose but the test at 24 shows more of a sustained burn. The accompanying mass fraction

burned curves are presented in Figure 77 for the varying air manifold temperature tests.

After achieving high substitution levels by cooling the intake air manifold tenyperat
the SOI was also retarded to try for a best operating condition point. The in-cylinder pressure
traces are shown for this test in Figure 78. The lower temperatures result in combinsiar
to the diesel only test. Typical dual fuel combustion at high loads shows largerésdrepsak

pressures. Operating with cold air manifold temperatures and retarding the Sbido 2sults

116



Mass Fraction Burned

o
w

©c 0o o o 9o O
> 1 o YU o © m

© ©
= N

——DF 80°C
——DF 70°C

DF 60°C
——DF 50°C
——DF 24°C

Diesel
Only

10 20 30 40 50
CAD (°ASOI)

Figure 77: Mass fraction burn curves at 100% load at varying air manifold temperatures.
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Figure 78: In-cylinder pressure traces at 100% |load with the air manifold temperatures as cooled to the maximum

capacity of the intercooler and adjusting SOI.
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in a dual fuel peak pressure below the diesel only peak pressure. The heat release rate curves are

more rounded.

The emissions levels were also recorded during the air manifold temperatoge TEsé
THC emissions decreased with temperature, shown in Figure 79. The actubtlydsusslieved
to be an increase of THC with an increase of substitution. This was the trend observedduring t
substitution limit testing previously. During the injection timing adjustmepéement the THC
levels were minimally changed based on injection timing but largely changed withugidrs
Likewise, the NOx levels were unchanged from increases in substitution. The results testthi
show a decrease of NOx with decreases of air manifold temperature. The combustion pressures
and temperatures increase with the air manifold temperature, which favors NOx formation.
Typically, changes that increase NOx decrease CO emissions. However, the §i0nsmis
increase as the air manifold temperature increases. This is likely bélta@sklitional gaseous
fuel that is burned is disassociating but CO oxidation is quenched. CO oxidation is one of the
slowest combustion reactions because there is only one possible reaction @orbhe final
stages of combustion when &6 formed occur late in the expansion stroke so the reaction rates
are slow even though the overall combustion is lean andithexeess oxygen available for the
reaction. The test at 80 was performed on a different day than the rest of the plotted results.
Each day had different natural gas constituents and associated methane numbera saifsing

in the trend relative to the other tests. The natural gas compositions aréqu@sd able 6.

The tests at 6 in Figure 79 was performed on the substitution limit testing day. Table
6 shows the natural gas composition varied between the substitution limit testiaig an
manifold temperature testing. The air manifold temperature testing had highentcataes of

ethane, propane and butane. The substitution limit testing day has the highest cantentrat
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any of the test days of Nitrogen. Simulations of dual fuel combustion have only included the
Zeldovich NOx mechanisi§84] [35], which does not take into account Nitrogen present in
either fuel source. Figure 79 shows a significant increase in NOx compared todhadrécom
the other data points at various air manifold temperatures. This signifies NOx @orrinaitn

Nitrogen in the fuel is a significant contributing factor.
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Figure 79: Variations of brake specific emissions levels at 100% load with different air manifold temperatures.

Table 6: Natural Gas Composition During Different Tests

Baseline
Commissioning

Substitution Limit
Testing

Air Manifold
Temperature Testing

Mole fraction

Mole Fraction

Mole Fraction

CHs .862 .899 .861

CoHe 114 .076 .093

CsHs .006 .005 .020

CaH10 .001 .0003 .003

N2 .005 011 .009

CO .011 .007 .014
Methane Number 76.6 81 75
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6.2.2 75% L oad

At 75% load the substitution level (Figure 80) increases with a decrease imédoldha
temperature just as at full load. The trend appears to be linear. Figur@l@ysiesverage
cylinder pressure traces at 75% load. At 100% load the peak pressure decreases with
temperature, which is also seen for the high temperature tests in Figure 81. Hawéyéo
load the testatthe lowest possible air manifold temperatue8C) reach the highest peak
pressures. Also, at the lowest possible temperature the combustion becassemenimited.
The natural gas throttle position is able to be opened to wide open without knocking but the THC
emissions rose significantly at the lower temperatures and higher substitutsom heteS Ol
timing was advanced to bring the hydrocarbons down. This brought the THC levels down

slightly but increased the NOx levels more.
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Figure 80: Dependence of substitution levels on air manifold temperature
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Figure 81: Average in-cylinder pressure traces for 75% load with varying air manifold temperatures. Sart of
injection for 80C is 3.16, 70C is4.1, as cold as possible is 6.5and for the diesel basdlineis 2.9 degrees before TDC.

The heat release rates péatin Figure 82 shows a drastic change in dual fuel energy release. At
80 and 70C the heat release displays the two peak dual fuel characteristics that éraghden

in previously at high loads. The cold manifold temperatures cause a long ignitionAtdtayer
temperatures the first peak of the heat release rate is about twice as kg8@and AT

cases. There is still a second peak in the heat release rate thatlglsligner than the initial

peak. Examining the mass fraction burned curves in Figure 83 shows the cold caseastre the

to reach 10% of the mass burned yet the first to reach 90% of the fuel burned.

It has been discussed previously that a possible reason for the faster heat reldase rates
dual fuel operation are due to increases flame areas. It has also been discusselduleat dua
operation has longer ignition delays because of longer times for diesel premixing. When the

engine operates at 75% load andCihtake manifold temperatures, the substitution level is
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Figure 82: Heat release rates at 75% load with varying air manifold temperatures
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Figure 83: Mass fraction burned curves at 75% load with varying air manifold temperatures.
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increased to approximately 75% and the natural gas equivalence ratio is 0.58. At thistisubstit
gaseous fuel displaces much of the air that would normally be in the combustion chamber. As a
result, the diffusion time for the diesel jet to be below the rich flammabiliiy iintreases by

close to 8. The extra time allows for the spray to reach a larger area of the combustion chamber
because of the transport properties of the diesel jet. The reaction rates may be slawss tlec

the lower temperatures but it seems the larger entrainment area increasesr gfy release

during the early stages of combustion compared to the higher temperature cases. The earlier

energy release results in the higher peak pressures.

The emissions levels associated with these dual fuel tests are shaguren84. Based
on time limitations emissions were not sampled at every temperature set peiteés®
conditions of the most interest were the tests at low air manifold temperaheestive

substitution was the highest.
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Figure 84: Brake specific emissions at 75% load with varying air manifold temperatures.
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The lower temperatures allowed for operation with a wide open natural gas throttle®ut TH
emissions levels became unacceptable. The substitution level was@ddmpshe NMHC+ NOx

was around the same levels as the baseline commissioning. The trends hergaar® svhat

have been shown throughout the dual fuel results. An increase in substitution increases the THC
emissions but not NOx. Advancing the SOI timing in an attempt to reduce THC@missi

resulted in a larger increase of NOx emissions. Advancing the SOI also inchea€S&3 levels.

6.2.3 50% L oad

Moderate loads are able to operate with the highest substitution levels. Undieebase
commissioning testing the substitution was set to 70%. Adjusting the SOI was niat able
significantly increase the substitution. Trying both preheating and cooling oftéthe iair was
tested at 50% load with little success. Figure 85 shows there is no clear trend loixhblal
substitution versus air manifold temperature. Around 75-80% may be an upper substitution limit
for dual fuel operation where the natural gas fuel is fumigated into the intake air Stitea80I
timing is close to tdc so most of the combustion occurs during the expansion stroke. Moderate
loads start to experience an increase in THC emissions because of late flaotengud he
later the burning continues into the expansion stroke the higher chance of quenching due to
expansive cooling. Injecting the diesel fuel earlier should result in the fuel burmiieg aad
avoiding late quenching. This was tested by advancing the SOI but was shown tdJease a
effects on NOx emissions. The second method tested is promoting better flame propagation by
increasing the intake temperature. Chemical reaction rates are exponenpialigel® on
temperature so increasing the temperature should increase reactiohhiatess also found to

be unsuccessful because of the adverse effects on NOx emissions. Figure 86 showarthere is
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even trade-off between THC and NOx emissions. NOx formation is also strongly dependent on

temperature so the reduction in THC was offseNOx.

Various SOI timings were evaluated at each air manifold temperature to try tmfind a
optimum operating condition. Figure 87 shows emissions levels at various SOI tihithgsit a
constant manifold temperature and substitution. Retarding the timing did not change the
hydrocarbon emissions but significantly reduced the NOx emissions. This demonstrates that
THC are unaffected by the injection timing at these conditions. However, THC levelisemtéy
proportional to substitution though. Substitution has little effect on NOx formation. Substitution
and SOI seem to each independently control THC and NOX, respectively. Dual fuel opé¢ration a
50% load had the highest substitution and highest equivalence ratio of natural gasfranging

0.37 -0.5. This would seem to enable flame propagation throughout all of the premixed fuel.
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Figure 85: Substitution versus air manifold temperature at 50% load.
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Figure 87: Brake specific emissions at 50% load, 70C, and 68% substitution with different SOI timings.
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The equivalence ratio of natural gas is similar for 50% load to 75% load at the baseline
conditions, which exhausts low levels of THCs. The combustion pressures are higher at 75%
load though resulting in higher bulk temperatures. The 50% load conditions produce lower
pressures and bulk temperatures so quenching due to expansive cooling occurs, which was not
observed at 75% load. Advancing the SOI raises the peak pressure and increases local flame
temperatures promoting NOx formation but the bulk gas temperatures are not elevatbd@noug

completely burn the gaseous fuel.

6.2.4 25% L oad

Generally, at low loads conversion of fuel to exhaust products is incomplete. The
hypothesis was that elevating the air manifold temperature increaseadtiereates and will
promote burning of more of the premixed fuel. Under normal operating conditions the thermostat
does not control the air manifold temperature at 25 and 10% loads. There is not enough of a
temperature rise due to compression by the turbocharger to increase the tempbmaitel the
thermostat set point. The uncontrolled air manifold temperature is arof@@&635% load. To
test the hypothesis, the chilling loop through the intercooler was adapted to accapkdiot |
water from the engine. Pipeets and valves were placed in the loop to stop the flow of the
coolant in the chilling loop and allow flow from the jacket water. The chilling loogpisally
between 20- 3T depending on ambient conditions while the jacket water is controlled@ 80
In-engine thermostats open af8dor warming up the coolant at low loads and chilling it once
the engine is warm. If the jacket water temperature is bel8@, &3e thermostats are closed
returning coolant back through the engine, bypassing the chilling loop heat exchanger. The
engine was operated at higher loads to ensure the jacket water temperatureswee3@@kand

then reduced to the desired set point.
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Figure 88 shows the substitution level is increased by approximately 20 percentage points
by heating the intake air from 55 to°0 The substitution levels are limited by NMHC+ NOXx
emissions. Figure 89 shows the NMHC+ NOXx levels remaining constant but théusiobsti
being increased with temperature. The SOI was also varied while preheatingotinéng charge
to determine an optimum condition allowing the most natural gas flow. Figure 90 8fews
emissions levels while varying the SOI timing. The advanced injectiongsre able to reduce
THC but at the expense of NOx. Also note the test attdde, the higher substitution creates a
disproportionate change in THC and NOx. This is more evidence supporting THC emissions are

directly related to substitution and NOXx is primarily controlled by SOI timing.

60

i /ﬁ
B Within Emissions

40
g
s SOl 4
k= -
2
K]
a

20 ASOIS

10

0
40 45 50 55 60 65 70 75

Air Manifold Temperature ( °C)

Figure 88: Substitution levels versus air manifold temperature at 25% load.
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Figure 89: Brake specific emissions levels for dual fuel operation at 25% load with various air manifold
temperatures.

This shows the stock injection timing oft&dc is actually the optimal injection timing
for dual fuel combustion at 25% load. Since the THC were unaffected by SOI, atelevat
temperatures the SOI was retarded to reduce NOx emissions as much as pdssilzes T
injection timings do not significantly affect NOx or THC emissions. The in-cylipdessure
traces at 25% load with intake preheating are shown in Figure 91. The pressure traces shown for
dual fuel operation and diesel only operation are similar. The extra energy in the clnatge is
enough to provide conditions for flame propagation. The natural gas is likely only burning in the
surrounding areas of the diesel jet. The equivalence ratio is around 0.27 at a substitution of 50%

when the charge air is at This seems to be below the lean propagation limit of natural gas

at the cylinder conditions.
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Figure 91: In cylinder pressure traces at 25% load with various air manifold temperatures.
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Figure 92 shows the heat release rates at 25% load while utilizing preheatingasencr
substitution. The natural gas equivalence ratio is low so that the ignition slelatyincreased

for dual fuel operation as it is at higher loads. The heat release profiles are neartydliersa

dual fuel and diesel only. The primary fuel consumption is from diesel fuel at low loads. With
higher temperatures increasing the reaction rates of natural gas, the surroundingfgakeous
region that burns is expanded. This supplies the same amount of energy as is normaldly release
when only diesel is burned. There are two different ways to examine this. The first is there
flame propagation so only the natural gas surrounding the diesel fuel increases the flame
thickness. Increasing the premixed temperature allows for greater flame thiclstesses

natural gas is substituted for diesel. The second way to examine this is by comparing the
combustion to the quenching distance. This assumes a flame propagates through theasatural g
but quenches at a certain point due to the mixture becoming leaner with distamtlee diesel

jet.
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Figure 92: Heat release rates at 25% load with various levels of preheating the intake air.
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Both methods of understanding low load dual fuel combustion are similar in respect to
the importance of the distance the flame can reach from the diesel jet. Eghsfathiue
diffusion flame and natural gas is being burned as it diffuses to the flame or it is starting t
propagate but quenching soon after it starts. Further increases in substitution deerdesel
fuel injected. The area of the jet decreases so less natural gas is entrained #mel chemical
reaction rates leaving large quantities of natural gas unreacted. Benefits of png-tieadir
intake at 10% load were not able to be realized. The equivalence ratios are too low@ad 0% |
for a relatively small temperature increase to increase the flame thicknéssrease the

guenching distance.

6.3 Evaluation of Methodsfor Extending Substitution Limits

The two main limiting mechanisms to substitution are end gas auto-ignition and
NMHC+NOx emissions. To avoid end gas auto-ignition it is desired to slow the combustion
process. To reduce hydrocarbons at low loads, however, it is desired to speed up the reaction
rates. Without introducing additives to the fuel to adjust the burning charactead}icsting the
temperature is the primary way for changing the rate of combustion in dual fuel combustion
This was achieved by two methods in this experiment, by adjusting the combustion phasing
relative to tdc and directly adjusting the temperatures of the mixture enteringitikec
Adjusting the combustion phasing by advancing or retarding the SOI showed limitedssucces
primarily at high loads. Figure 93 shows the optimum timing was not able tosacrea
substitution levels at or below 50% load. A small increase in substitution ivedlaefull load
by delaying knock via retarded injection timing. Retarding the injection timing mbneited
by elevated exhaust gas temperatures that may cause damage to exvesist vhe

turbocharger. The greatest increase of substitution due to retarding the SOl is red@s2ed a
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load. This is primarily a result of the stock ECU adjusting the combustion phasing earlier as

substitution is increased.

Adjusting the intake air-fuel mixture proved to have a greater impact on extending the
substitution limit than changing the SOI timing. At high loads, slowing the claénai@ction
rates by cooling the intake increases the substitution by 10 percentage points ovegatgisti
SOl only. Significant increases were not achieved by either method at 50% load. Alphygic
to substitution may exist around 75% substitution for dual fuel applications that fumigate the
gaseous fuel into the air stream. The conditions at moderate loads are near taenieaibifity
limit of natural gas and attempts to use all of the natural gas negativelyNBgemissions
before benefitting late combustion reactions of hydrocarbons. Preheating the intalkdbk to

achieve an increase in substitution at light loads where SOI was not able to b&tend t
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Figure 93: Substitution levels across the load range for various methods of extending substitution limits.
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substitution limit. An increase of 15% of substitution was achieved at 25% load
preheating the natural gas air mixture. At 25% load, preheating increases the bulk gas
temperatures and benefits the natural gas utilization but the local flamedaamgeare not
affected as much so the NOx formation does not increase as much as at 50% load. Neither of the
two methods were able to extend the substitution limit at 10% load. Some dual fueltimmglica

shut off the natural gas flow at low loads because of the poor use of natural gas.

Adjusting the temperature and timing successfully brings the NMHC+ NOx emissions
within Tier Il limits while extending the substitution. Figure 94 shows the 18@hted
emissions levels for the Tier Il regulated emissions for the various testing conditiengal
time emissions calculation for a substitution limit is approximate for NMHC + NOgsaomis.
This is why the within limit case is actually slightly above the limite NMHC + NOx
emissions are reduced to within the limit for each method used for extending theisabstiid
less than the diesel only operation. Adjusting the SOI mainly benefits the higloladitians,

which are fairly low THC emissions on a g/bkW-hr basis.

Adjusting the temperature is also able to benefit some of the low loads dasdéswT
loads are the primary problem for excessive NMHC+ NOXx levels so the benefits at 25% load
make an appreciable difference in the ISO weighted average emissionsdevellde matter
was not sampled at every test condition because of time constraints so ang8t@dvei
emissions value cannot be calculated. However, based on the low weighted avdrage of t

baseline dual fuel case, all dual fuel cases are expected to be well below th& Vidiniit.

For each dual fuel test the CO emissions exceed the Tier Il limit. Conversion of CO to
CQOuis one of the slowest reactions in the combustion process. The conversion is primarily time

dependent. However, even with promoting more burning of natural gas, the hydrocarbons may
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be oxidized to CO but stop reacting before being converted $0TG(S is caused by quenched
reactions occurring late in the expansion stroke. Most premixed combustion engines yave earl
spark timing so the fuel begins to burn in a shrinking volume. For the dual fuel application much
of the burning occurs in the expansion stroke and causes incomplete combustion due to
expansive cooling. An oxidation catalyst would be required for the engine to comply with
pollutant emissions levels. Previous research has shown high oxidation efficiéridi@svben

the temperature is over 38D[41]. Exhaust temperatures from dual fuel operation are typically
higher than diesel only operation so it is expected the oxidation efficiencies fortngbevilual

fuel engine would be high. A possible field implementation for dual fuel operation could adjust

the timing and temperatures to reduce NOx emissions levels as much as possible.
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Figure 94: 1S0 weighted emissions for each method of extending substitution limits.
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For this engine, substitution might be able to be pushed further and accept higher THC
emissions that are reduced to acceptable levels with a two-way oxiddaéysicsince a catalyst
is already required to reduce CO. On higher Tier engines, it is possible the NOx can be reduced
to acceptable levels without installing an SCR system. At the very leasitiadjthe
temperature and timing can reduce the diesel exhaust fluid consumed for reductiongea

with NOX.

Both of the methods evaluated for extending substitution limits affected the combustion
by changing the temperatures in the cylinder. Combustion duration did not seem to have an
effect on whether or not complete combustion was achieved. The SOl was advancedad$ow |
to try increasing the combustion duration and oxidize more of the THC and CO. This was shown
to slightly decrease HCs exhausted but sometimes increase the CO. This showed the more
important factor in dual fuel combustion is the temperatures of the reactants.sTaelistinct
difference in how this is achieved though by the two methods evaluated in this studstinid]
the SOI affects local flame temperatures more than it affects tempeatttlesbulk premixed
air fuel mixture. Adjusting the gas mixture temperature entering the intakiéoidagreatly
changes the bulk gas temperature as shown by the discussion of the temperature at the peak
motoring pressure with varying intake temperatures. In dual fuel engines, controlling tienreac
rates of the premixed gas becomes the most important factor on natural gasutilatiling
the intake fuel air mixture is able to slow chemical reactions more than thes effexpansive
cooling from retarding injection timing. This allows for greater increases in sulastifithigh
loads by avoiding knock. Then, at low loads, increased chemical reaction ratesdae tocbe
able to extend substitution limits that are caused by emissions levetndidy the SOI at 25

and 50% load increases local temperatures from higher peak pressures so NOx formation is
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increased. The bulk gas temperature is not elevated much from this so the THGnsnaiIssnot
reduced. Preheating the incoming fuel air mixture does not increase the combustime piass
increases the temperatures of premixed natural gas and therefore more fuel is burmedbléhis
to increase the substitution at 25% load where adjusting the SOI was not ableasancr
substitution. Over the entire load range, adjusting the air manifold temperatuskovasto be

more effective at extending dual fuel substitution limits.

The diesel flow rate and substitution levels for the tests can be combined to onedveight
average by using the same weighting scale used for the weighted emissions b8§281¢8.
This summarizes the effectiveness of operating in dual fuel mode to reduce diesehéew. T
results are displayed in Table 7. For this comparison, two categories are considdred. Firs
maximizing the substitution and the engine operates safely. Second, maximizing tietisubs
while still meeting Tier Il emissions limits. For this category, it suased the PM emissions
under dual fuel operation are within the limits and CO emissions would be reduced by an
oxidation catalyst. Thus, the primary criteria for meeting Tier Il limits is NOx+HIM
emissions. Table 7 shows the baseline commissioning achieved a weightedtsubsfi60%
and reduced the weighted diesel flow to 100 g/bkW-hr. Adjusting the air manifold temperature
and SOl timing is able to increase substitution levels above the baseélede¥00 and 75%
load. Using the substitution set points and the baseline commissioning subdgttelsrior 10
and 25% load, the weighted average substitution is increased to 66%. An increasetutisabsti
at high loads is a larger decrease in diesel fuel consumption compared to low Isabdhse
average weighted diesel flow is significantly reduced to 79 g/bkW-hr. The second gategor
focuses on reducing emissions to acceptable levels while utilizing the mast gats as

possible.
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Table 7: Summary of Reduced Diesel Flow and Substitution to maximize substitution and to maximize
substitution while meeting emissions.

Test Case ISO weighted Diesel ISO weighted
Flow (g/bkW-hr) Substitution (%)
Diesel Only 274 0
Maximizing DF Baseline 100 60
Substitution Commissioning
Maximum 79 66
Within Tier I DF Reduced Substitution 107 53
Limit from Baseline
DF Optimum Temperaturg 89 60
and Timing

Without making any changes to the operating parameters except the substitutjon leve
the substitution levels have to be reduced to 53% to comply with Tier Il limits. This was
achieved primarily by reducing the substitution at 10 and 25% load as the gaseous fuel is not
effectively used under the cylinder conditions. Adjusting the timing and air manifofetatare
is able to increase the average substitution level to the same averdijetsublevel as the
baseline commissioning but also meet Tier Il emissions. Significant sulostigins are
achieved at high loads, which provide a greater reduction in diesel fuel flow. This taavhy
Optimum temperature and timing case has a lower ISO weighted diesel flow babttbdéSO
weighted substitution as the baseline commissioning. In either category, thgeasdoatitution
can be increased by 6-7% by adjusting the air manifold temperature and SOI timing

appropriately.
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7. Conclusion

In this work John Deere 6068 Tier Il diesel engine was commissioned as a generator set
to study mechanisms limiting diesel substitutionnatural gas-diesel dual fuel operation. The
diesel engine was converted to a dual fuel engine by installing an aftermarketetivetrtfit
kit from Eden Innovations. The dual fuel kit was originally commissidbgzh based on field
experience. After programming the Eden PLC for dual fuel control for baseline commissioning
the combustion characteristics were examined with in-cylinder pressure sensors astigadha
pollutant emission measurements. Then testing was performed to clearly identify t
mechanisms prohibiting further natural gas utilization. With the mechanismsietEritvo
methods were examined for extending the substitution limits. The two methods examieed we
adjusting SOI timing and air manifold temperature. Emissions produced during dual fuel
operation with baseline commissioning exceeded Tier Il emissions limitsit8tibstlevels
were reduced compared to the baseline to be able to comply with Tier Il limjisstiAg the air
manifold temperature and SOI enabled increased substitution levelserégaiaseline
commissioning while metng Tier Il emissions limits. Based on the test data the following

conclusions are made:

1. Operating as a dual fuel engine significantly increases THC and CO emissions cbtapare
diesel only operation. The baseline commissioning increased the THC emissidh&l80

times that of diesel operation. CO emissions are increased by 2-5 times thatlof diese

2. Particulate matter emissions are reduced from dual fuel operation comparedltordyese

operation. PM emissions from diesel are 3-8 times greater than from dual fuel operation.
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. Dual fuel operation results in higher peak pressures at each load point. Adjustments to the
SOl and temperature can reduce the peak pressure to be lower than diesel under some

conditions.

. Substitution at high loads are limited by knock. At 75% load the knock is not audible but

observed on the pressure traces.

. The engine is able to operate at moderate loads with high levels of substitutiaunt witho
knocking or showing signs of combustion instability. The substitution limit is an emissions
limit.

. At light loads the substitution levels can be increased to where combustion becomes
inconsistent and governor instability occurs. However, this limit is well bey@ndrissions
limit.

. Retarding the injection timing delays the onset of knock at high engine loads. This was

observed to be the most prominent at 75% load.

. Adjusting the injection timing affects NOx emissions more THC emissions; howeve

varying substitution impacts THC emissions more than NOx emissions.

. Lowering the air manifold temperature allows greater substitution levels befaraséeof

engine knock at high loads; air manifold adjustment is more effective than retarding the
injection timing. At 100% load, the rate of substitution increase is 0°@él@’crease and
4%PSO0Il retard. The air manifold temperature has a larger adjustment range allowing it to be

more effective.
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10. Preheating the intake fuel air mixture is able to increase the substieuarat 25% load
without NMHC+NOx emissions becoming excessive. The substitution increaaésiy
1.25%PC increase. Adjusting SOI timing is not able to increase substitution levéés whi

maintaining suitable emissions levels.

The combustion reaction rates of dual fuel combustion are important for avoiding knock
at high loads and complete combustion at low loads. The effect of swirl levels on dual fuel
combustion has yet to be shown and can significantly change reaction rates. Incredsglg the
air mixture temperature is an effective technique to increase substitutionlaabisy More work
is needed to develop an intake air manifold temperature control scheme suitéibld twe.

Engine loads can be changed quickly in field operation and a fast response tempenétoire c
system is needed. Electric heaters could be implemented to improve corgn@ctimmended
that different preheating techniques be evaluated. Additionally, higher tempeshtous be
testedto explore the upper limit of allowable preheating before pre-ignition or end gas auto-

ignition of the gaseous fuel occurs.
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9. AppendixA: Relevant Figures
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Figure 95: 100% load emissions with various conditions
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Figure 96: brake specific emissions at 75% load with various conditions
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Figure 97: Percent of gaseous fuel unconverted for dual fuel testing at various conditions
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Figure 98: Brake Efficiency across the load range for various testing conditions
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Figure 99: Brake Efficiency at 100% load at various air manifold temperatures
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Figure 100: Brake Efficiency at 75% load with varying air manifold temperatures
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Figure 101: Brake Efficiency at 50% load with various air manifold temperatures

40
35
30
— | 70C
X
> 25 Hm67CSOI 4
o " 60C
e 20 . -
< original commissioning
(0]
Aé 15 m50C
< M diesel baseline
10
5
0

Figure 102: Brake Efficiency at 25% load with various air manifold temperatures
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Figure 103: Brake Efficiency at 10% load with various air manifold temperatures
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Figure 105: Equivalence ratios associated with various tests at 100% load
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Figure 106: Equivalence ratio associated with various tests at 75% load
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Figure 107: Equivalence ratios associated with various tests at 50% load
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Figure 108: Equivalence ratios associated with various tests at 25% load
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Figure 109: Equivalence ratios associated with various tests at 10% load
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Figure 110: Equivalenceratios at 75% load while adjusting air manifold temperature and SOI timing
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Figure 111: Equivalence ratios at 50% load while adjusting air manifold temperature and SOI timing
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Figure 112: Equivalenceratios at 25% load while adjusting air manifold temperature and SOI timing
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10. List of Abbreviations

AMT - air manifold temperature

BMEP- brake mean effective pressure
BS- brake specific

BSFC- brake specific fuel consumption
CAD- crank angle degrees

COz- carbon dioxide

CO-carbon monoxide

COV- coefficient of variation

DF- dual fuel

HRR- heat release rate

IMEP- indicated mean effective pressure
MFB-mass fraction burned

NG- natural gas

NMHC- Non-methane hydrocarbons
NOx- oxides of nitrogen

°atdc- degrees after top dead center
°btdc- degrees before top dead center
°ASOI- degrees after start of injection
OEM- original equipment manufacturer
PM- particulate matter

SOI- Start of injection

THC- total hydrocarbons
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