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ABSTRACT

The goal of this study is to address fundamental limitations
to achieving diesel-like efficiencies in heavy duty on-highway
natural gas (NG) engines. Engine knock and misfire are barriers
to pathways leading to higher efficiency engines. This study
explores enabling technologies for development of high
efficiency stoichiometric, spark ignited, natural gas engines.
These include design strategies for fast and stable combustion
and higher dilution tolerance. Additionally, advanced control
methodologies are implemented to maintain stable operation
between knock and misfire limits. To implement controlled end-
gas autoignition (C-EGAI) strategies a Combustion Intensity
Metric (CIM) is used for ignition control with the use of a
Woodward large engine control module (LECM).

Tests were conducted using a single cylinder, variable
compression ratio, cooperative fuel research (CFR) engine with
baseline conditions of 900 RPM, engine load of 800 kPa
indicated mean effective pressure (IMEP), and stoichiometric
air/fuel ratio. Exhaust gas recirculation (EGR) tests were
performed using a custom EGR system that simulates a high
pressure EGR loop and can provide a range of EGR rates from 0
to 40%. The experimental measurements included the variance
of EGR rate, compression ratio, engine speed, IMEP, and CIM.
These five variables were optimized through a Modified Box-
Benken design Surface Response Method (RSM), with brake
efficiency as the merit function.

A positive linear correlation between CIM and f-EGAI was
identified. Consequently, CIM was used as the feedback control
parameter for C-EGAI. As such, implementation of C-EGAI
effectively allowed for the utilization of high EGR rates and
CRs, controlling combustion between a narrower gap between
knock and lean limits. The change from fixed to parametric
ignition timing with CIM targeted select values of f-EGAI with
an average coefficient of variance (COV) of peak pressure of 5.4.
The RSM efficiency optimization concluded with operational
conditions of 1080 RPM, 1150 kPa IMEP, 10.55:1 compression
ratio, and 17.8% EGR rate with a brake efficiency of 21.3%. At
this optimized point of peak performance, a f-EGAI for C-EGAI
was observed at 34.1% heat release due to auto ignition, a knock
onset crank angle value of 10.3° aTDC and ignition timing of -
24.7° aTDC. This work has demonstrated that combustion at a
fixed f-EGAI can be maintained through advanced ignition
control of CIM without experiencing heavy knocking events.
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INTRODUCTION

Improvements in natural gas (NG) engine efficiencies while
maintaining ultra-low NOx emission levels are necessary to
realize future NG fuel demand goals and exploit the economic
and environmental benefits of NG. Targeting higher efficiencies
and NOx emission levels that will compete with future electrified
fleet will require technological improvements in areas such as
high CR, fast combustion, and advanced combustion phasing so
that increased efficiency can be reached. However, the
occurrence of end gas auto-ignition (EGAI) prevents using the
optimal theoretical values for each of these parameters as an
engine is typically designed with a knock margin or safety factor
by reducing CR or retarding combustion phasing [1].

EGALI is characterized by low-temperature chemistry and
self-heating of the gas ahead of the flame front due to the rising
pressure and compressive temperature resulting from the
propagating flame [2]. Often viewed as adiabatic compression
conditions, this end-gas starts its own low-temperature chemical
reactions. If left long enough under these conditions, radical
build-up can occur in the end-gas and trigger rapid combustion
of the fuel in this vicinity. Radical formation and EGAI are
heightened in larger n-alkane hydrocarbon species due to unique
low-temperature combustion kinetics, posing challenges to
natural gas fuels that have high variability in these species’
concentrations [3]. If the flame front is fast enough and the auto-
ignition reactions slow enough, then the flame will consume the
end gas prior to EGAI. Historical approaches have been to move
toward rapid burn rates and slow auto-ignition reactions (e.g.,
running lean, diluting with EGR, or controlling fuel chemistry)
[4].

Engine combustion strategies utilizing lean mixtures or
exhaust gas recirculation (EGR) can lead to high cycle-to-cycle
ignition variation [5]. Since only the most advanced combustion
event might trigger the uncontrolled knock, the average cycles
must be retarded to ensure the most aggressive cycle does not
knock, translating into a net loss in efficiency. One of the key
strategies proposed here is to move the most aggressive cycle
closer to the average cycle by cycle resolved control thereby
shrinking the knock margin and recovering efficiency benefits
[6]. To do this requires an in-depth understanding of the
knock/EGAI phenomenon, inherently stable combustion, and a
control system that can maintain optimal combustion phasing
while fuel, engine, and atmospheric conditions change. Such a
system can minimize the knock margin under all conditions and
enable maximum efficiency.

For stoichiometric combustion, operating at high
compression ratios (CRs), closer to severe knock limited
operational conditions, will achieve higher efficiencies and
engine power. The decision to run stoichiometric was influenced
by the benefit of reduced emission generations from the use of a
three-way catalyst with stoichiometric exhaust [7]. Running at
high CR will require the use of high concentrations of cooled
EGR with advanced real-time controls to monitor and optimize
EGR rates and combustion phasing. Increases in EGR, despite
allowing for higher CR, slows burn rates (laminar flame speeds
decrease 5-fold going from 0 - 30% EGR) [8] shifting a majority
of heat release away from minimum volume and potentially
preventing complete burn, negatively affecting fuel economy
and resulting in wunburned hydrocarbon emissions [8].
Furthermore, EGR dilution can increased the cycle to cycle
variability and was utilized at levels that maximize CR while

achieving stable combustion [9]. Issues related to EGR dilution
can be mitigated by increasing flame propagation by way of
increased turbulent mixing while also enhancing flame initiation
with advanced ignition technologies.

Two compelling reasons to use NG as a substitute for diesel
fuel are to reduce particulate matter emissions and fuel costs.
Currently in the U.S., the cost of diesel fuel on an equivalent
energy basis is approximately five times the cost of NG [6]. NG
engines, however, are typically less efficient than diesel engines,
especially in the on-road medium and heavy-duty engine
markets.

NG engines offer several advantages over diesel engines
including lower particulate matter emissions, lower capital and
operating costs, availability of vast domestic NG resources, and
lower CO2 emissions [3]. With the appropriate exhaust
aftertreatment system both NG and diesel engines can meet ultra-
low emission limits. However, the exhaust aftertreatment
systems used for diesel engines are much more complex,
requiring in many cases an oxidation catalyst, diesel particulate
filter, and a selective catalytic reduction system [11]. Most
current medium-duty NG engines use a single aftertreatment
component, a 3-way catalyst, and therefore the aftertreatment
system is less complex and lower cost. Market penetration of NG
engines for mobile applications has been slow due to limited
fueling infrastructure, lower engine efficiency, and lower power
density [12]. The second two limitations are closely related since
increasing engine power density, or brake mean effective
pressure (BMEP), is a practical approach for increasing engine
efficiency [13].

The objective of this study is to determine, describe, and
analyze a practical method of controlled end gas auto-ignition
(C-EGAL), and its effects on spark ignited, stoichiometric natural
gas engine performance. The experiments were conducted on a
cooperative fuel research (CFR) engine utilizing a premixed
natural gas blend with a methane number of. The CFR engine
was controlled with advanced ignition control through a
Woodward Large Engine Control Module (LECM) to control the
level of auto-ignition in the engine. High-speed pressure
measurements and crank angle resolved cylinder pressure data
characterized the combustion processes and quantify the
magnitude of end gas auto-ignition (EGAI) event. Post
processing software written in LabVIEW and the Woodward
(LECM) enabled in-depth analysis of the required data sets.

MATERIALS AND METHODS
Cooperative Fuel Research Engine

The type of engine used in this project is a Cooperative Fuel
Research (CFR) F-2 model Waukesha engine. It is a stationary,
constant speed (~900 rpm), un-throttled, single cylinder, 4-
stroke engine with a cylinder bore of 3.250 inches (8.255 cm)
and piston stroke of 4.50 inches (11.43 cm). The displacement
volume of the engine is 37.33 in® (611.7 cm®). To enable
operation at a range of compression ratios from 4:1 to 18:1 the
engine is constructed with a can-type casting forming the
cylinder and cylinder head as a single part. The exterior of the
cylinder is configured with a jack-screw type threaded race
allowing an engaged worm-gear to raise and lower the cylinder
relative to the piston/connecting rod assembly, held laterally
stable in a clamping sleeve. By raising or lowering the cylinder
the clearance volume (that volume formed from the top of the
piston at TDC, the cylinder wall and the cylinder head) is
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increased or decreased resulting in an adjustment of the
compression ratio. The total vertical travel of the cylinder
relative to the fixed position of the crankshaft is 1.235 inches.
The engine allows adjustment of compression ratio while
operating [14]. Figure 1 provides a cut-away drawing of the
engine cylinder and clamping sleeve sections.

VALVE CLEARANCE

ADJUSTING SCREW
\
ROCKER ARM \ ROCKER ARM
1 CARRIER
g SHORT ROCKER \
ARM SUPPORT Al
S— " ) &=
@) Q)

VALVE ROTATOR
N

OIL TRAY

T

INTAKE VALVE __

LONG ROCKER
’ ARM SUPPORT

.-
=S (Sa— JACKET COOLANT
| CONDENSER

DETONATION
PICKUP HOLE

SHROUD.__
T

~—
EXHAUST
VALVE

SERIAL NO'
STAMPING

SLEEVE

N/
GUIDE PLATE N
WORM
WHEEL

EXHAUST ~WORM
VALVE ~ WHEEL

/ 'CONNECTING
CYLINDER ROD

INTAKE VALVE
snnuun\\ /—\
W
DETONATION @ (5]
PICKUP HOLE ___ K =
\Q §

DETAIL OF INTAKE VALVE
SHROUD POSITION

Figure 1: Cutaway of Original CFR Engine Cylinder Assembly [15].

The engine used in this project was manufactured in 1957
and is a model still manufactured and sold today, designed
specifically for testing knock tendencies of fuels. Initially
configured for octane number testing of gasoline blends, the
engine is currently configured to burn gaseous fuels. There are
numerous differences/modifications between the original
Waukesha CFR engine and the CFR engine used in this testing.
A Yaskawa regenerative Variable Frequency Drive (VFD) was
installed for fine speed control at a range of speeds from 600 to
1200 RPM. High-speed Kistler piezo resistive intake (Type
4007D) and water-cooled exhaust (Type 4049B) pressure
transducers were installed. Additionally, the engine conversion
from liquid fuel to gaseous fuel created the requirement for an
in-depth fuel blending system. The fuel blending system
included the implementation of Omega differential flow meters
of up to eight different flow constituents, as well as a Coriolis
flow meter for total fuel flow. The final upgrade to the original
CFR engine includes a Woodward Large Engine Control Module
(LECM) engine control system. This system provided more
accurate ignition control, and the ability to implement and test
various ignition control schemes such as CA50 (control location
of 50% mass fraction burned) and Combustion Intensity
(Woodward defined metric of combustion control). Other
modifications from the original engine configuration performed
during previous work are described in references [14] [15]. Table
1 outlines the initial operating conditions throughout the testing.

Table 1: Operating Conditions of the CFR engine

Fuel MN 71
Lambda 1+001
Intake Pressure 150 kPa
Intake Temperature 65 °c
Coolant Temperature 95.5 °c
Qil Temperature 130 °F
Exhaust Temperature 535°c
CR 10:01
Engine Speed 900 RPM
IMEP 1000 kPa
Electric Output Power 2.5 kw
lgnition Timing 15" bTDC
CAS0 8% aTDC
COV PP 5.4

Exhaust Gas Recirculation Test Cart

A crucial piece of equipment required for the testing
performed for this study, was the Exhaust Gas Recirculation
(EGR) test cart that was fabricated for use with the CFR engine.
The cart design was inspired by one previously fabricated for
engine testing at Woodward Inc.EGR is commonly used for
increasing power density, reducing NOx emission
concentrations, and causing knock suppression for operation at
higher power densities. The CFR engine does not include EGR
systems with the base unit, and thus a cart that can replicate the
functions of a high-pressure EGR loop while providing a wide
range of possible flows was necessary.

For this project, the EGR cart was required to be able to
provide the CFR engine with a maximum EGR rate of 40% at
maximum load. Utilizing previously supplied engine data from
the CFR engine, flow rates were extrapolated to expect ~ 115
grams per minute of exhaust gas at a max load of 3.5 kW. Initial
testing after the fabrication of the EGR cart showed that the
maximum optimal EGR rate was only 74 grams per minute at 3.5
kW of electric power output. However, this was more than
adequate for the present study. The final EGR cart is shown
below in Figure 2.

Figure 2: Custom Exhaust Gas Recirculation Test Cart for CFR Engine.



Knock Measurement and Quantification

The knock measurement system for the CFR engine begins
with a water-cooled, piezoelectric transducer (Kistler model
6061A) mounted in the same cylinder detonation port previously
housing the Type D-1 pickup. The signal from the transducer
feeds to a charge amplifier which relays pressure signal input to
the controlling software. A rotary 0.1° incremental optical engine
encoder (BEI model L25) provides positive crank angle position
indication enabling real-time display of cylinder pressures as a
function of crank rotation.

The LECM provides a single-box approach that can be built
up with interlocking modules into a single engine-mountable
assembly [16]. Each module within the LECM has a
microprocessor and runs software routines, written in
Woodward's MotoHawk® software, using proven core functions
and algorithms. The main module software can also be written in
Woodward's Graphical Application Programmer (GAP™) [17].
The modules all share their information in a real-time manner,
making the entire system act as one fully integrated control.

Utilizing the same cylinder pressure acquisition system and
equipment as the LabVIEW control scheme, the LECM is
capable of live data processing. This includes heat release rates,
knock intensity, advanced combustion analysis, CAS5O0,
combustion intensity, IMEP, NMEP, PMEP, and historical
pressure traces, each of which are updated every 1 seconds (~13
cycles) [17]. The LECM does not monitor pressures,
temperatures, flow rates, power outputs, or EGR rate for the CFR
engine because it is primarily controlled through the LabVIEW
control scheme, leaving the LECM’s primary function to be
cylinder pressure analysis.

The quantification of engine knock is what allows for the
realization of C-EGALI, providing the ability to determine the
fractional heat release due to auto-ignition (f-EGAI). The f-
EGAL is the percent of energy available in the cylinder after auto
ignition begins [18]. In this study, it was assumed that the f-
EGALI is equal to the full amount of remaining heat release.
Controlling the f-EGAI to a predetermined level will hold the
engine in a steady state beyond the traditional knock limit, thus
improving combustion efficiency, reducing combustion
durations, improving power output, and increasing total system
efficiency. F-EGALI is the best metric to compare the level of
auto-ignition that occurs within the cycle to additional cycles no
matter the running conditions, and thus is the correlation to C-
EGAL

The f-EGAI to C-EGALI correlation is rooted in the knock
onset crank angle (KOCA). This is determined with the
calculation of the third derivative of the cylinder pressure trace
[19]. By taking the third derivative, the inflection point that
signifies the start of the secondary ignition event (auto-ignition)
within the cycle is isolated as the x-intercept of the third
derivative plot. This inflection point demonstrates the increased
rate of pressure rise and the exact crank angle upon which it
begins, which is determined to be the KOCA. By applying the
KOCA value to the mass fraction burned plot for the cycle the F-
EGALI can be determined by the remaining mass fraction within
the cylinder following the KOCA. Figure 3 demonstrates the
third derivative KOCA calculation for a heavy knocking case.
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Figure 3: Third Derivative of the Cylinder Pressure Trace for Determining
KOCA values — Represented on a Heavy Knocking Case.

Five different methods were found within the literature
[20][21][22][23] and evaluated for their knock quantification
abilities utilizing previously collected CFR engine data. These
methods are briefly outlined in Table 1. The knock intensity
quantification methods that were analyzed include: Fast Fourier
Transform, knock ripple sum, peak rate of pressure rise (1st
derivative), the maximum amplitude of the bandpass filtered
cylinder pressure, and the integral of the bandpass filtered
cylinder pressure. Each method was evaluated for its ability to
detect the occurrence engine knock, locate the knock onset crank
angle, differentiate between the various level of engine knock,
and correlate linearly with f-EGALI.

The FFT and Knock Ripple Sum methods were the primary
methods utilized for verification of C-EGAI during operation of
the CFR engine. Auto ignition events were quantified during live
operation and the parameters of the CFR were adjusted to aid in
C-EGAI implementation.

Table 2: Knock Quantification Techniques Considered for Use as C-EGAI
Control Scheme.

METHOD SOURCE DESCRIPTION

FFT OF BANDPASS FILTERED | Colorado State University Time averaged analysis of frequencies
SIGNAL in knock signal pressure trace

MAXIMUM AMPLITUDE OF Cummins LLC
BANDPASS FILTERED SIGNAL

Knock intensity related to maximum
frequency in pressure signal

INTEGRAL OF BANDPASS
FILTERED SIGNAL

B. Radu et al. University Knock intensity related to maximum
POLITEHNICA of Bucharest positive value of integral

RATE OF CYLINDER
PRESSURE CHANGE

B. Radu et al. University Highest value of pressure trace after
POLITEHNICA of Bucharest first crank angle resolved derivative

THIRD DERIVATIVE OF 1. Amador Diaz, et al.
CYLINDER PRESSURE TRACE | Universidad del Norte

Rise in amplitude of third derivative
correlated to knock onset crank angle

KNOCK RIPPLE SUM Woodward Inc. Subtract a running average pressure

trace from current knocking trace

Combustion Intensity

Through the evaluation of the different knock quantification
techniques, the most promising method is to utilize ignition
timing control, due to its high correlation with knock severity.
The LECM ignition system was utilized to control a parameter
programmed into the LECM called “Combustion Intensity”
[16][17]. This method utilizes multiple operational engine
parameters and takes a weighted average of each to determine
where on a 0 to 100% scale the engine is operating. The results
from previously evaluated methods of knock quantification were
considered with this method of ignition control.

Equation 1 shows the weighted average to calculate
combustion intensity with the given conditions of the engine
where:



P_max = Peak Cylinder Pressure

BD = Burn Duration

PRR = Peak Rate of Pressure Rise

HRRs = Heat Release Rise Rate Slope

KI = Knock Intensity (Knock Ripple Sum Method)
Al through AS = Calibration Constants

P BD
CIM = A, (—P max ) + 4, (BD f) +
Mmaxref re

Ag(PRR )+A4< HRRs )+A5< KI )
PTrryer HRRSyef Klyer

By dividing the recorded value of the five variables by their
engine operational defined maximums, the variables are
normalized to a unitless percentage of full scale for comparison
to different engine platforms. By standardizing knock intensity
alongside the other four parameters inside the combustion
intensity metric, the operational condition of the engine is more
comparable across all loads.

To implement C-EGAI using CIM as the control parameter,
a correlation between CIM and f-EGAI was investigated. A valid
justification for the use of combustion intensity as the control
parameter for C-EGAI was discovered within this study.

Equation 1

Response Surface Method
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The modified Box-Benken design allows the operator to take a
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point around the origin in predetermined step sizes and generate
a vector equal to the merit function defined by the RSM. The
vector is then followed until the merit function reaches a
maximum value, and the process of generating the vector around
the new maximum is repeated until the new vector’s travel is
within the known noise of the system. In this case there are five
variables, so thus a 5-dimensional space. The merit function is
equal to the brake efficiency of the CFR engine.

The five variables that were varied within this optimization
were: Indicated Mean Effective Pressure (IMEP), Engine Speed,
EGR Rate, Compression Ratio, and Combustion Intensity. The
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Figure 4: Modified Box
Behnken Design Response
Surface Method [24].

efficiency optimization will validate the location of these peak
efficiency values and determine the optimal conditions for the
CFR engine under stoichiometric, spark ignited, natural gas
conditions with EGR and C-EGALI.

RESULTS

Cylinder pressure traces for baseline data were collected.
These data sets hold the CFR engine at performance point like
the methane number research method parameters, with a “stock”
data point as well as the inclusion of EGR and points operating
near and at the knock limit of the CFR engine. The knock limit
is represented as the onset of noticeable auto-ignition events
through the FFT Power Spectrum method of knock
quantification [21]. The data is represented in Figure 5 through
an average of 1000 cycles. This will be the comparison point for
available efficiency gains in future data sets.
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Figure S: Baseline CFR Engine Data with EGR and Knock Limit cases.

A previous study on the CFR engine examined the EGR
limits of a stoichiometric, spark-ignited, natural gas CFR engine
under these conditions, and found a viable brake efficiency gain
of 2.8 efficiency points through operating at the maximum EGR
limit of 21% EGR replacement of the intake air/fuel mixture.

To implement C-EGAI, a control scheme was created
through the CIM explained prior. To fully analyze the effect of
CIM on the CFR engine under the given conditions, a sweep of
the usable CIM domain was conducted and is shown in Figure 6
for a 15% EGR case. The CIM value was unable to exceed 80%
due to the knock intensity reaching the absolute knock limit of
the engine, at an FFT knock intensity value of 3000 kPa rms?.

7500

Operating Conditions M = 10% IT=.193

6500 RPM S00 ——CIM = 20%. IT = -17.1

- IMEP 1000 kPa —CIM =30%, 1T =-163

Ignition CIM = variable —CIM = :}0“0 IT=-148

5500 KI variable _ERI - ;g:"' }$ - '31‘
— = o =- -

EGR 15% CIM = 70%, IT = -11.5

4500 R 10.5 CIM — 80%, IT - -10.6

3500

ylinder PRessure (kPa)

C
ra

500
1500

500
=50 40 30 20 -10 0 10 20 30 40 50 60 70 80 90
Crank Angle (deg)

Figure 6: 10% to 80% CIM Sweep on CFR Engine at Given Conditions.



Figures 7 and 8 show the efficiency and combustion stability
through coefficient of variation (COV) of peak pressure (PP) for
the 0% EGR case as well as an additional sweep of CIM with
15% EGR. These figures lead one to believe that the inclusion of
CIM control on the CFR engine under the given conditions can
provide viable brake efficiency gains while maintaining proper
combustion control.
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Figure 7: Brake Efficiency Values from 10% to 80% CIM Sweeps on CFR
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Figure 8: Coefficient of Variance of Peak Pressure for Combustion
Stability Analysis on CFR Engine for 10% to 80% CIM Sweep on CFR
Engine

As described, CIM is a metric of ignition timing control, and
through Figure 6 it is seen that ignition timing is advanced with
the increase of CIM. Additionally, the five variables of CIM are
proving to increase as CIM increases with Figures 6 and 9, with
the most dominant effect being the onset of auto-ignition events
for all data points after a CIM of 30%. The AHHR analysis in
Figure 9 also proves the increased combustion stability at each
level of CIM along with the linear increase in combustion
intensity.
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Figure 9: AHHR for 10% to 80% CIM Sweep on CFR Engine at Given
Conditions.

To further verify that CIM is a viable of metric of
implementing C-EGAL a trend had to be defined between the
two metrics. The closest relative parameter to C-EGAI is f-
EGALI, and through the third derivative method of calculating
KOCA this trend was defined. The KOCA values for all the data
point in the CIM sweep from Figure 6 were calculated and then
used to corelate the f-EGAI The KOCA and f-EGAI values for
the full CIM sweep data set are shown in Figures 10 and 11.
Figure 12 demonstrates relative efficiency values between data
points of a CIM sweep for both the 0% and 15% EGR cases on

the CFR engine.

25
® 0% EGR
20
’%ﬁ 15% EGR
c 15 %o
« L
& 10
Q
Z L ® .
5 °
e
0
10 20 30 40 50 60 70 80
Combustion Intensity (%)

Figure 10: KOCA Values from 0% to 80% CIM Sweep on CFR Engine.
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Figure 11: f-EGALI Values for 0% to 80% CIM Sweep on CFR Engine.
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There was no KOCA value detected for combustion
intensities below 20% CIM without EGR and below 25% CIM
with EGR. The lack of auto-ignition is likely because the
combustion intensity was too low to instigate auto-ignition
events at the given conditions of the CFR engine.

To transition into the efficiency optimization with C-EGALI,
the five variables of optimization were individually swept across
here operational ranges. These data sweeps are represented in
Figure 13, where an intuitive investigation into the direction of
steepest ascent from the initial operating point is provided.
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Table 4: Vector Stage Centers, Step Sizes, and Operational Limits of the Five
Optimized Variables on the CFR Engine

Stage 1
Speed EGR CR IMEP CIM
center 900 12 10 1000 30
+1 950 15 10.5 1050 35
-1 850 9 9.5 950 25
Stage 2
Speed EGR CR IMEP CIM
center 1150 15.4 10.3 1100 35.5
+1 1200 18.4 10.8 1150 40.5
-1 1100 12.4 9.8 1050 30.5
Stage 3
Speed EGR CR IMEP | Comb. Int.
center 1100 16.8 10.6 1150 37.5
+1 1150 19.8 11.1 1150 42.5
-1 1050 13.8 10.1 1150 32.5
Stage 4
Speed EGR CR IMEP CIM
center 1080 17.5 10.55 1150 39.5
+1 1130 20.5 11.05 1150 44.5
-1 1030 14.5 10.05 1150 34.5
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Figure 13: Brake Efficiency Trends for Five Variables of Efficiency
Optimization.

Table 2 lays out the starting data point for the optimization
taken from standard research method methane number testing, as
well as the final data point of peak efficiency. These values were
used with the merit function of brake efficiency to generate the
vectors of merit function improvement. The total RSM
efficiency optimization took four stages of vectors to reach peak
performance. Table 4 lays out the center points and step sizes
used to generate the vectors for each stage within the sphere of
influence, and the operational limits that the merit function could
not exceed.

Table 3: Starting and Final Data Points of RSM Efficiency Optimization.

Figure 14 shows the cylinder pressure traces from the four
stages of efficiency optimization. The four different stages are
defined by the four different set of vectors resulting from the
Modified Box Behnken Design Response Surface Method. Each
set of vectors is generated from a pre-determined center point,
and marches along a designated step size until a relative
maximum value of the merit function is reached. The last set of
vectors identifies the true maximum value of the merit function
when the vectors cause the merit function to no longer increase
in value. It can be seen that immediately after the first stage, the
CFR engine was taken into the knock window, evident through
the secondary pressure rise, while the increased operating speed,
increased IMEP, increased EGR, and advanced ignition timing
through increased CIM are evident by the stretched and taller
pressure traces of later stages. It can also be seen that the first
stage caused a large movement of the CFR engine, while the
additional stages were the fine adjustments of the five variables.
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Figure 14: Cylinder Pressure Traces from the Four Stages of Efficiency

Optimization Vectors.



The brake efficiency values form each stage of the
optimization within the four vectors is shown in Figure 15. The
figure shows a brake efficiency improvement from 17.7% to
21.3%. This is a 3.6 efficiency point gain within the
optimization, as well as a 1.2 efficiency improvement over the
previous greatest brake efficiency found through EGR
implementation under these given conditions [26].
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Figure 15: Brake Efficiency Values from Each Stage of RSM Efficiency
Optimization.

The f-EGAI levels are shown from the optimization in
Figure 16. The point of peak performance demonstrated a 34.1%
f-EGAI, which correlates directly to C-EGAI. This says that
controlling the CFR engine to a 34.1% level of C-EGAI with the
other prescribed conditions will inhibit the point of peak
performance on the CFR engine.
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Figure 16: f-EGALI values from Each Stage of RSM Efficiency
Optimization for C-EGALI correlation on CFR Engine.

DISCUSSION

The implementation of C-EGAI on a stoichiometric, spark-
ignited, natural gas engine exhibited beneficial improvements to
the system in various methods. First is the increase in
combustion efficiency through end gas auto-ignition consuming
the end gas that is often burned late in the cycle. Additionally,
controlling the level of auto-ignition through ignition control
minimizes the negative effects of auto-ignition events by
preventing the knocking cycles from escalating during
subsequent cycles. This reduces the chance of percussive force
damage nor corrosive damage through high temperature
combustion exposure to the cylinder walls from reducing the
operating life of the engine. The brake efficiency of the CFR

engine saw a 3.6 efficiency point gain over the optimization of
the primary engine parameters.

Through attempting to control the auto-ignition events for
every cycle of the engine, the overall combustion event was
stabilized better than any prior attempts by using CIM. By using
the five wvariables outlined in CIM, it considers various
parameters of the engine outside of auto-ignition. Thus, the load,
speed, ignition timing, and boost pressure are considered, and the
CIM percentage is adjusted to maintain a stable level of the
combined effects of the five variables.

C-EGAI was theorized to be most effective at low to
medium levels of auto-ignition. After the efficiency
optimization, it was determined that the maximum efficiency
occurred at 34.1% f-EGAI. Any C-EGAI level greater than 35%
on the CFR engine created unstable combustion events that
negatively impacted efficiency. At the 34.1% level of C-EGAI,
the knock intensity through the knock ripple sum method of
knock quantification determined a 38.3% knock intensity based
on the 0% to 100% full scale range. This signifies a light to
medium knock intensity, and correlates to moderate knock
sinusoids with approximately one third of the heat release being
due to auto ignition. The CFR engine cylinder is designed with a
side mounted spark plug, so the f-EGAI level is most likely
larger on the CFR engine at the given levels of CIM and C-EGAI
than with a top mounted spark plug engine.

The most direct path to C-EGAI would be to control f-EGAI
directly. However, the data presented in Figure 11 demonstrate a
linear relationship between f-EGAI and CIM, the parameter pre-
programmed into the LECM. It can be concluded that if CIM is
effectively controlled the f-EGALI is effectively controlled.

The largest benefit of C-EGAI is the 20.3% relative
efficiency gain (3.6 efficiency point gain) over the RSM
efficiency optimization to a final brake efficiency of 21.3%. This
is the highest recorded brake efficiency on this CFR engine by
1.2% compared to previous approaches applying a knock
margin. Even at peak performance, the power density of the CFR
engine is lower than most commercial engine platforms. The
IMEP at peak performance was 1150 kPa with a 186 kPa inlet
boost pressure. This operated beyond the previously prescribed
knock limit of the CFR engine, allowing stable combustion with
a steady location of peak pressure and CA50 with COV levels
below 6.5%.

Moving forward with this study, the work will focus on
implementing C-EGAI on different engine platforms starting
with a 15 L, 6 cylinder, Cummins X15 engine converted to a
single cylinder research engine under the same natural gas
conditions. This will determine if the factors of C-EGALI are the
same across multiple engine platforms. Additional future work
involves exploring the effect of C-EGAI on a transient load
engine, since the CFR engine was tested only with static data
points of engine load and speed. On a similar note, it would be
beneficial to explore additional combustion control and knock
quantification strategies to see if CIM could be improved upon
for future C-EGAI implementation.

CONCLUSION

In conclusion, this work is the first to report the application
of controlled end gas auto-ignition in a stoichiometric, spark
ignited, natural gas engine. The results show distinct
advancements towards increased brake efficiency on a CFR
engine through C-EGAI and RSM optimization of multiple
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engine variable. It is demonstrated that CIM is positively related
to f~-EGAI with a clear liner regression and, thus, CIM control is
an adequate control scheme for C-EGAI. At maximum efficiency
operating condition, the CFR engine exhibits a brake efficiency
of 21.3%, at a f-EGAI level of 34.1%. Given these encouraging
results, it is important that the same approach be explored on
industrial engine platforms to better quantify potential benefits.
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