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Abstract
The reserves of gasoline and diesel fuels are ever decreasing, which plays an important
role in the technological development of automobiles. Numerous countries, especially
the United States, wish to slowly decrease their fuel dependence on other countries by
producing in house renewable fuels like biodiesels or ethanol.

Therefore, the new

automobile engines have to successfully run on a variety of fuels without significant
changes to their designs. The current study focuses on assessing the potential of ethanol
fuels to improve the performance of „flex-fuel SI engines,‟ which literally means „engines
that are flexible in their fuel requirement.‟
Another important area within spark ignition (SI) engine research is the implementation
of new technologies like Variable Valve Timing (VVT) or Variable Compression Ratio
(VCR) to improve engine performance. These technologies add more complexity to the
original system by adding extra degrees of freedom. Therefore, the potential of these
technologies has to be evaluated before they are installed in any SI engine. The current
study focuses on evaluating the advantages and drawbacks of these technologies,
primarily from an engine brake efficiency perspective. The results show a significant
improvement in engine efficiency with the use of VVT and VCR together.
Spark ignition engines always operate at a lower compression ratio as compared to
compression ignition (CI) engines primarily due to knock constraints. Therefore, even if
the use of a higher compression ratio would result in a significant improvement in SI
engine efficiency, the engine may still operate at a lower compression ratio due to knock
limitations. Ethanol fuels extend the knock limit making the use of higher compression
ratios possible. Hence, the current study focuses on using VVT, VCR, and ethanolgasoline blends to improve overall engine performance. The results show that these
technologies promise definite engine performance improvements provided both their
positive and negative potentials have been evaluated prior to installation.
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Nomenclature
EGR

Exhaust gas recirculation

BSFC

Brake specific fuel consumption

VVT

Variable valve timing

VCR

Variable compression ratio

VVA

Variable valve actuation

LHV

Latent heat of vaporization

MBT

Maximum brake torque

BMEP

Brake mean effective pressure

ECU

Engine control unit

SI

Spark ignition

CI

Compression ignition

I.C.

Internal combustion

HCCI

Homogeneous charge compression ignition

FMEP

Friction mean effective pressure

NMEP

Net mean effective pressure

MAP

Manifold absolute pressure

A/F

Air fuel ratio

CA50

50% burn location

ATC

After top center

RSM

Response surface modeling

ANN

Artificial neural network

CAD

Crank angle in degrees

IVO

Intake valve opening

IVC

Intake valve closing

EVO

Exhaust valve opening

EVC

Exhaust valve closing

LIVO

Late intake valve opening
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LIVC

Late intake valve closing

LEVO

Late exhaust valve opening

LEVC

Late exhaust valve closing

RPM

Rotations per minute

PSO

Phasing schedule optimizer

LLC

Low lift cam

HLC

High lift cam

LPP

Location of peak pressure

COV

Coefficient of variation

WOT

Wide open throttle

PC

Personal computer

OS

Operating system

GM

General Motors

CA00

Combustion start angle

MWO2

Molecular weight of Oxygen

MWN2

Molecular weight of Nitrogen

MWH2

Molecular weight of Hydrogen

MWC

Molecular weight of Carbon

Φ

Equivalence ratio

γ

Specific heat ratio

η

Efficiency

xb

Mass fraction burned

θ0

Combustion start angle

Δθ

Combustion duration

Tign

Ignition temperature

Pign

Ignition pressure

Sl0

Laminar flame speed at reference condition

xr

Residual gas fraction

ethv

Ethanol volume fraction
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Induction time

T

Induction time integral

KI

Knock intensity

A

Knock index multiplier

B

Activation energy multiplier

Km

Percentage of unburned mass at knock initiation

VTDC

Cylinder volume at TDC position

VI

Cylinder volume at knock initiation

P

Pressure

ON

Octane number

thkn

Crank angle at knock initiation

Ta

Activation temperature (K)

Tu

Instantaneous unburned gas temperature (K)

Bp

Bowl bore

Bb

Piston bore

hb

Bowl height

hcc

Chamber height

Vc

Clearance volume

hc

Clearance height
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Chapter 1 Introduction
1.1. Background
Over the past decade researchers have developed new methodologies to assess and
optimize engine powertrains. Conventional optimization techniques depend largely upon
engine testing, due in part to the past computational limitations and lack of mathematical
models that capture the stochastic nature of engine operation. The cycle-to-cycle and
cylinder-to-cylinder variations in an engine limit the accuracy of predictions of engine
performance at a variety of engine conditions. Test engineers can overcome this problem
by exhaustive testing throughout the entire range of engine operation and by performing
full factorial sweeps of independent variables that control engine performance. However
there are several problems with this type of testing to optimize engine performance:


Tests procedures are difficult to automate



Different test conditions may demand different engine hardware setups resulting
in increased testing time and effort



Prototype engines are needed for testing



Use of fuel and generation of pollutants

Though testing cannot be eliminated completely, the use of computers in engine
optimization can greatly reduce the need for testing. Current advances in computational
memory and speed have greatly enhanced the role of modeling and simulation in engine
optimization.

A validation of the accuracy of mathematical models for predicting engine performance
is necessary before using computer simulations in engine optimization. Predicting the
stochastic nature of engine operation is difficult, but recent advances in computer
technology allowing for more complexity, with some sacrifice of calculation speed, have
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made it possible to build engine models that accurately predict the operation of actual
engines.

In spite of these advances, the engine optimization process remains dependent upon a
number of variables, and the correlation between different variables makes the task of
optimization more difficult than ever. For example, the presence of cooled EGR is
sometimes beneficial as it may reduce the knocking tendency of an engine operating in
the high load region due to the charge cooling effect. Unfortunately, a high level of
residual also increases engine variability while reducing fuel efficiency. Hence, engine
calibration and optimization procedures often include finding trade-offs between different
variables to obtain an optimum design.

This report includes a detailed description of an optimization technique developed for
achieving an optimum BSFC target for LAF engine. The variables considered in the
optimize process are VVT, VCR, spark timing, and fuel type. VVT, which is also
referred to as VVA in the industry, can greatly increase fuel economy and also serve to
minimize emissions. The full use of VVT requires variable valve timing and variable
valve lift, but in the current report only variable valve timing is considered. The
optimization strategy of VVT is highly dependent on the specific engine operating point
under consideration and involves trade-offs between BSFC, variability, residual gas
fraction, idle quality, and emissions.

VCR is a promising technology to increase the thermodynamic efficiency of engines, but
at higher compression ratios knocking increases significantly possibly damaging engine
parts and causing unstable operation. To counteract the problem of knocking at higher
compression ratios, the octane requirement of the engine is increased. The easiest way to
increase the octane rating of fuel is to add alcohol to conventional fuels. For example,
the addition of ethanol to regular unleaded gasoline considerably enhances engine

13

performance at high load and speed operating conditions. Figure 1.1 shows the historical
increase in ethanol use as a transportation fuel.

Figure 1.1: Historical Fuel Ethanol Use [1].
One major disadvantage of using ethanol blended fuels is the decreased power output per
unit mass of fuel due to the lower LHV of ethanol. However the improvements achieved
in knocking tendency and emissions make it worthwhile to use ethanol blends instead of
regular unleaded gasoline. The addition of ethanol in gasoline increases the latent heat of
vaporization, which in turn gives a charge cooling effect. The charge cooling effect plays
an important role in reducing cylinder temperatures, which increase the density of air,
thereby increasing the volumetric efficiency of the engine.

Spark timing is also of paramount importance to satisfactory engine operation. There is
an optimal spark timing at which an engine produces maximum torque, referred to as

Note: (* value indicates the anticipated use in year 2011)
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MBT timing. The MBT timing can change considerably as the operating conditions of
the engine change. The general test procedures for selection of MBT timing consist of
sweeping the spark manually and observing the BMEP in real time, but this procedure
can be cumbersome. Hence a simpler but more accurate approach is required to find
optimum spark timing. A possible solution may be to capture the trends and magnitudes
of changes in MBT timing with speed and load conditions, use these values in the ECU in
a table format, and select the optimum timing in real time. Modeling and simulation
engineers can further simplify the MBT timing selection technique by including genetic
algorithms and neural networks and using sophisticated industry standard programming
tools like MATLAB and SIMULINK. If such tools are inaccessible, engineers can use a
more direct and robust approach as recommended by Design of Experiments to determine
MBT timings.

1.2 Motivation
1.2.1 Importance of Study
From an efficiency perspective, I.C. engines are not the best choice to generate power,
but for mobile applications they dominate the market. Traditionally, I.C. engines are
classified into two categories, namely SI and CI engines. CI engines with turbochargers,
superchargers, and EGR systems can reach efficiencies as high as 45% because of the use
of higher compression ratios. SI engines generally operate at lower compression ratios
due to knock limits, and therefore they have lower fuel efficiency as compared to CI
engines. Hence current research is focused on developing HCCI engines, which are
fundamentally a combination of SI and CI engines.

Researchers are also studying

variable compression ratio engines, the use of bio-fuels to raise knock limits, VVT, plugin hybrids, and lower displacement turbocharged SI engines. All of these strategies for
increasing the SI engine efficiency are promising, but some of them are not yet fully
understood. For example, VVT can increase the volumetric efficiency of engines, but the
15

fundamental and physical basis of this increase in volumetric efficiency is not yet
understood in full detail.

The automotive market is and will continue to be competitive.

With energy costs

constantly rising, the State of Michigan and auto manufacturers are conducting research
on flex fuel vehicles, hybridization, alternative fuels, and efficiency improvements. The
commitment of GM to lead the development of new technologies for better engine
performance is clear with over 3 million flex fuel vehicles sold since 2008 year [1]. GM
has also introduced eight hybrid models with a promise of launching plug in hybrids
during years 2010-2012, which will further reduce dependence on foreign oil. To reap the
rewards of these different technologies used in conjunction with each other, system
integration studies have to be performed. For example, to efficiently incorporate VVT
with flex fuel technology, it is very important to understand how these two technologies
influence each other to properly calibrate the engine. The current study, performed with
a GM standard one dimensional model developed using GT-POWER, focuses on
understanding the potential of new technologies like variable compression ratio, VVT,
and flex fuels used in conjunction with each other.

1.2.2 Development of GM-Michigan Tech Predictive Combustion Model
Tool
The current advances in computer software used for engine simulations have simplified
the task of optimization. Moreover, simulation plays an important role in feasibility
studies of new designs. Apart from saving money and time in engine testing, simulations
also provide the advantage of automating the optimization process. The most widely
used engine simulation tool, GT-POWER, has advanced tremendously in its capability to
accurately predict actual operating engine performance. Also, the simplicity and user
friendliness of this product have made it an industry standard tool to simulate engine
processes.
16

The selection of software depends upon the problem to be solved. In the current project,
GT-POWER was extensively used to optimize performance at given operating
conditions. GT-POWER can also be interfaced with third party software programs like
KIVA or SIMULINK, which make it easy to extend the simulation capabilities. The use
of MATLAB also makes algorithm development easier. In recent years genetic
algorithms have been developed to predict uncertainties in biological data. Engine
researchers are successfully using these algorithms to predict the stochastic nature of
engine operation [4-5]. In addition, data handling and analysis are simplified with the use
of MATLAB mainly because of special toolboxes designed to perform specific tasks, e.g.
the statistical toolbox.

GT-SUITE is a family of software programs containing the engine modeling tool GTPOWER [2]. Other tools in GT-SUITE can model valve trains, cooling and thermal
management, drive trains, after-treatment, and fuel injection. The availability of these
models built within the family set of GT-SUITE can facilitate the task of complete
vehicle performance.

Hence, the GT-POWER was used to model and simulate the

engine performance in this project.

1.2.3 Model-based Engine Optimization
The current Mathworks model-based engine calibration toolbox makes engine calibration
less cumbersome with minimal user interference to the process [4-5]. The basic idea
behind this toolbox is to handle the complexity of multi-objective optimization, while
satisfying the constraints. For example, in a gasoline engine case study with spark timing
and compression ratio as input variables, BSFC as object variable, and knock as a
constraint variable, this toolbox can directly determine the optimum BSFC point given
the test/simulated data. The need for a specific algorithm to develop an optimization
17

strategy is completely eliminated in this process. This type of optimization tool has great
potential because of the reduced complexity and time in calibrating engines.

This type

of direct optimization tool developed by Mathworks has been a constant motivation in the
optimization algorithm development within the current study. A specific program was
written in MATLAB that can interactively determine an optimum solution given inputs
from the user such as operating points or constraint variables.

The user has great

flexibility in choosing numerical values for the constraint variables. Though the current
program is not as robust as the model calibration toolbox, it is definitely an important and
successful step toward achieving the target of optimization.

1.3 Goal and Objectives
1.3.1 Goal
The goal of the project is to develop an optimization technique for achieving an optimum
BSFC target for LAF engine.

1.3.2 Objectives
The project goal was achieved through the following objectives:


Update the GM-Michigan Tech predictive combustion modeling tool with
improved correlations and models developed by the GM/Michigan Tech research
team.



Using a Design of Experiments methodology, simulate engine performance using
sweeps of compression ratio, VVT, ethanol blend, and spark timing.



Analyze the resulting simulation data and explain the observed trends.
18



Fit parametric functions to BSFC, which correlates engine fuel efficiency to
operating conditions such as VVT, compression ratio, ethanol fraction, and spark
timing.

A GT-POWER predictive combustion compound model was developed at Michigan
Technological University [6]. This combustion model captures in-cylinder combustion
phenomenon based upon correlations of burn durations with non-dimensional engine
parameters. With further studies in chemical kinetics, the existing correlations were
changed to a newer and more accurate version for ethanol fuel blends [7]. A Chen Flynn
friction submodel was also included to accurately capture the speed and maximum incylinder pressure effects on FMEP. In addition a simple knock submodel was included to
observe the trends and magnitudes of knock and apply knock constraints while
optimizing BSFC. The model was updated to account for differences in clearance heights
due to chamber geometries. The current updated calculations determine the clearance
height corresponding to the combustion chamber geometry under consideration.

The study utilized a Design of Experiments methodology to optimize BSFC at five given
operating conditions by sweeping compression ratio, VVT, ethanol blends, and spark
timings. The large number of variables involved in the study complicated the trend
analysis. Hence, apart from BSFC, it was important to track additional variables such as
the heat release rate. This study was of paramount importance in developing parametric
functions of BSFC at different load and speed points.

1.4 Overview of the Report
The remainder of the report is divided into four subsections, namely the literature review,
model development, results and discussions, and conclusions and recommendations. In
the literature review, findings of the past research in the same field are discussed in
19

detail. Though the present report does not include engine testing, the literature review
includes some discussion of test results. The model development chapter details the
modifications made to the GT-POWER compound model to incorporate new
mathematical correlations. This chapter explains the capabilities added to the existing
base LAF engine model such as the Chen Flynn friction mechanism and knock
predictions. The simulation matrix and operating points used for optimization are also
included in this chapter. The results and discussions chapter explains the findings of the
study. In some cases the results do not correlate with past studies and the author has tried
to provide possible explanations for the anomalies.

The conclusions and

recommendations chapter details the advantages and disadvantages of the technologies
studied in this report and their potential to improve engine performance.
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Chapter 2 Literature Review
2.1 Introduction
Several engine parameters that affect the engine performance will be discussed in this
chapter along with the techniques used to optimize engine fuel efficiency. The author
will review the fundamentals as well as recent research in the field of engine optimization
with emphasis on an explanation of the sensitivity of engine performance to independent
control variables such as spark timing and air fuel ratio.

2.2 Fundamentals of Gasoline Engine Performance
The general performance of SI engines is normally assessed using two quantities. The
maximum brake power indicates the peak output of the engine, while the maximum brake
torque indicates the breathing capacity of the engine at all speeds. If an engine has
satisfactory maximum brake power and torque, the next step is to fine tune the variables
to optimize BSFC, while satisfying standards for emissions or knock. There are many
variables that affect SI engine performance, but only the most important variables like
speed, load, and valve timing will be discussed here.

2.2.1 Air-Fuel Ratio
The capability of any engine to extract energy from burnt fuel depends largely upon the
air-fuel ratio of the inducted mixture.

Every engine has optimum fuel conversion

efficiency at a specific air-fuel ratio. The main reason for this is that the chemical
reactions that govern the release of fuel energy as it is burnt change according to mixture
composition. Before the fuel is completely burnt and all the products of combustion are
21

released, the fuel goes through thousands of chain reactions. The complete mechanism of
these chain reactions is not yet fully known, but the current computational research into
combustion phenomenon shows that for gasoline engines the maximum burning
temperatures are attained at an air-to-fuel ratio equal to 14.7. This value of 14.7 is
determined using combustion stoichiometry, as represented by the following reaction

b
b
b


C H   a   (02  3.76 N 2 )  aCO2  H 2O  3.76  a  
a b 
4
2
4


[2.1]

where CaHb is the hydrocarbon under consideration. The air-fuel ratio for the complete
burning of any hydrocarbon, denoted as CaHb, can be calculated as

b

a   ( MWO  3.76  MWN )

2
2
mass of air 
4
Air to fuel ratio 

b
mass of fuel
(a  MWC   MWH2 )
2

[2.2]

In Equation 2.2 MWC, MWH2, MWO2, and MWN2 are the molecular weights of carbon,
hydrogen, oxygen, and nitrogen, respectively. Based upon Equations 2.1 and 2.2, the
complete burning of gasoline (C8H18) requires an air-fuel ratio equal to 14.7. This airfuel ratio is referred to as the stoichiometric air-fuel ratio. The general trend in the
engine research community is to use the quantity Φ, which is given by

=

stoichiometric air to fuel ratio
actual air to fuel ratio

[2.3]

where ф in the above equation is called the equivalence ratio. Gasoline engines perform
well at an equivalence ratio between 1.0 and 1.1.
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The thermodynamic efficiency of an engine is proportional to the adiabatic flame
temperature of combustion. Hence, the higher the adiabatic flame temperature, the better
the performance.

The adiabatic flame temperature changes with the air-fuel ratio.

Theoretically, complete combustion of the fuel results in the highest adiabatic flame
temperature. The dependence of adiabatic flame temperature on the air-fuel ratio is
shown in Figure 2.1.

Figure 2.1: Variation of Adiabatic Flame Temperature with Equivalence Ratio.
Data used to generate the plots in Figure 2.1 were obtained using CANTERA, which is
an open source software package that uses a reduced mechanism for gasoline fuel. As
can be seen from Figure 2.1, gasoline yields a peak adiabatic flame temperature at an
equivalence ratio of 1.05. Theoretically, gasoline should produce a peak adiabatic flame
temperature at ф=1.0, but the actual equivalence ratio required to achieve the best fuel
conversion efficiency is slightly greater than 1.0. The reason for this behavior of gasoline
23

fuel may be the dissociation of molecular oxygen at high in-cylinder temperatures.
Therefore, while theory predicts that the fuel is completely burnt leaving no excess
oxygen in the product species, this is not generally the case, as some oxygen is formed
due to dissociation. Hence some excess fuel can be burnt, increasing the temperature due
to the heat released from this combustion.

The optimum equivalence ratio for a given combustion chamber varies greatly with load
and the speed point under consideration. For example, at very low loads it may be
beneficial to use a fuel-rich mixture to increase the flame speed of the mixture
composition. At part loads it may be beneficial to use a fuel-lean mixture for two
reasons: 1) increases in the specific heat ratio value and the air dilution of the mixture
increase the expansion work, and 2) as excess air is drawn in to dilute the mixture, it
increases the intake pressure, decreasing the pumping loss. However, from an NOx
emissions perspective, it is advantageous to use a stoichiometric mixture because a threeway catalyst in aftertreatment achieves the best possible reduction in NOx close to
stoichiometry. Due to current stringent emission standards, SI engines generally operate
at a stoichiometric air-to-fuel ratio. Hence, in this report, the equivalence ratio is not
considered as a control variable, and engine simulation results are obtained at ф=1.0.

2.2.2 Spark Timing
Spark timing has a considerable effect on brake torque. Generally at a given engine
speed the engine produces maximum torque. This optimum timing is called maximum
brake torque timing (MBT). Figure 2.2 shows that for a given spark timing the engine
produces maximum torque for a constant speed and air fuel ratio. The general guidelines
used for correlating maximum brake torque timing with mass burning profile and
maximum cylinder pressure are: 1) for MBT timing, maximum cylinder pressure occurs
at 16° ATC [8], and 2) for MBT timing, the CA50 location is at 10° ATC [8].
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Figure 2.2: Effect of Spark Advance on Brake Torque at Constant Speed and
Equivalence Ratio (data from [8]).
With the use of these empirical rules, we can change spark advance indirectly by
changing CA50 locations to study the effect of spark advance on engine performance. In
the GT-POWER simulations, this procedure of changing the CA50 location is generally
employed due to the unavailability of a spark advance parameter as a control variable.

Apart from brake torque, spark advance also has a considerable effect on knock and
emissions, particularly NOx emissions. Retarding the spark timing from the optimum
may be useful for NOx emissions control as well as knock reduction, but at the same time
it has to be remembered that retarding the spark too much reduces the output of the
engine due to a greater loss of expansion work. Hence, engineers have to consider many
factors before selecting optimum spark timing, and generally it is a trade-off between
engine output, emissions, and knock.
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2.2.3 Compression Ratio
Compression ratio has a direct effect on the indicated fuel conversion efficiency of the
engine as shown by Equation 2.4

 1 
 CR 1 

indicated  1  

[2.4]

where CR is the compression ratio and γ is the specific heat ratio of the mixture
composition. Figure 2.3 shows the trend of indicated efficiency versus compression ratio
for a γ=1.3.

Figure 2.3: Variation of Indicated Efficiency with Compression Ratio.

Although it is desirable to increase the geometric compression ratio to increase indicated
efficiency of the engine, the actual response of the engine to an increase in geometric
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compression ratio is quite different.

Compression ratio has an effect on heat loss,

friction, and combustion phenomenon including combustion rates and stability. Hence, it
is possible that if the geometric ratio is increased, the brake efficiency may not increase
because the losses offset the gains obtained by the increase in compression ratio.
Moreover, geometric compression and expansion are not achieved in actual engines due
to valve timing effects, thus new terms such as effective compression ratio and effective
expansion ratio are used to account for valve timing effects on cylinder mixture
compression and expansion.

2.2.4 Load and Speed
The dependence of engine BSFC on load and speed is generally depicted through an
engine contour map. To obtain a full BSFC map, exhaustive testing must be conducted
over the full load and speed range of engine operation. The general aspects to consider
while studying any engine map are:


The mechanical efficiency decreases with an increase in speed due to increased
friction. At the same time, due to the less time available at higher engine speeds,
the heat transfer decreases [8].



Starting at the lowest BSFC point, if we increase the speed at a constant load,
BSFC increases primarily due to an increase in friction [8].



Starting at the lowest BSFC point, if we increase the load at a constant speed,
BSFC increases primarily due to mixture enrichment required to maintain the
torque needed as engine breathing is greatly affected at low engine speeds [8].



Starting at the lowest BSFC point, if we decrease the engine speed at a constant
load, BSFC decreases primarily due to the increasing importance of heat transfer
per cycle [8].
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A generic engine map is shown in Figure 3.4.

2.3 New Developments and Technologies
2.3.1 Optimization Strategies
Current engine optimization techniques used during the engine design phase include
interactive real time simulations that are interfaced with the hardware to automate the
process. This process generally involves prior knowledge of the relationships between
engine variables or use of adaptive algorithms. Rask and Sellnau [9] reviewed the
process of automated engine calibrations in which they made use of GT-POWER 1D
cycle simulations as a software in the loop system.

Rask and Sellnau presented a weighted operating point optimization technique that is
now widely used in industry. With current industrial competition and the time available
for powertrain development shrinking, more advanced methods of engine calibration are
necessary. One way to approach this problem is to include high fidelity simulation
software like GT-POWER in the loop. Use of VVA in powertrains adds additional
degrees of freedom to the system increasing the required time for calibration, and hence
sophisticated tools are necessary for engine calibration. VVA systems differ across the
industry; some VVA technologies involve only timing control while others are more
complex in nature, adding lift control as well. For example, optimizing 10 speed and
load points at 10 intake and exhaust valve timings requires the results for and analysis of
1,000 cases. The addition of more degrees of freedom like EGR and variable valve lift
substantially increases the complexity.

Given the limitations of time and cost in

dynamometer testing, the feasibility of conventional calibration techniques reduces
exponentially.
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Historically, people have approached the engine calibration problem in different ways.
The Design of Experiments approach can be used efficiently to reduce dynamometer
testing. In some cases, the RSM approach can be used to fit the object variable to the
engine variables and predict the performance at non-tested points. The neural networks
available in MATLAB can be used to automatically adapt to the trends. Such a tool is
generally referred to as an ANN [10].

The basic requirements for use of simulation-based calibration are:


Availability of output results at given operating conditions with full factorial
sweep of control variables; or



Partial test data availability with knowledge of trends, in which case Design of
Experiments methods can be used to accelerate the calibration procedures; or



Interfacing high fidelity engine simulation tools with adaptive control tools like
neural networks, in which case the number of simulations can greatly decrease
due to forward predictions of the trend.

All of these methods have been used by engineers, and they differ most significantly in
the time associated with the calibration. While using a simulation environment for
optimization, it has to be remembered that the ranges of the specified variables should be
feasible. For instance, intake valve timing can be changed by 100 CAD, but it may not
be possible from a design perspective to build such a flexible cam phaser.

It has been seen that as the engine model complexity increases by adding different
submodels to predict NOx emissions, knock, and turbulent flame speed, the time required
for the simulation to converge increases substantially. For example, when the GTPOWER model controller is used to control the torque by throttling the engine, it requires
more time to converge with the addition of new submodels into the base model. One way
to approach this problem is to use data tables and interpolation techniques instead of a
controller. For example, a response surface can be fitted to the throttle diameter for a
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given IVO and RPM combination. The simulation can refer to these tables and select the
throttle diameter value in one step, instead of following a time consuming iterative
convergence procedure. There may be some loss in accuracy of the control variable
value, but it can be reduced by use of more accurate interpolation procedures.

Limitation of Simulation Methodology: Most of the simulation tools are equipped with
steady state simulation platforms and either do not have transient simulation capabilities
or do a poor job in predicting transient engine response. The allowable complexity of the
model restricts its accuracy and, in some cases, the degrees of freedom of a given set of
variables.

Constrained Optimization: Most of the time, it is required to quantitatively restrict some
output quantities from a performance perspective. For example, most of the optimization
problems have NOx emission constraints or knock limits. Rask and Sellnau [9] used a
PSO to restrict the output quantities of interest to some desired value. In the PSO
platform, the user has flexibility to input a value for a restrained quantity. For instance,
the user can choose to limit the knock at high speed and load points, while neglecting the
knock limits at idle conditions. Other quantities that can be restrained by the user are
EGR limits and exhaust temperatures.

Study of the Two-Stage, Fully Capable VVA System: The study performed by Rask and
Sellnau [9] involved deployment of two cam profiles, LLC and HLC. Their general
algorithm involved simultaneous optimization of valve timing and lift profile.

The

procedure could vary, but the general guidelines that were applied to such a problem are
optimizing the selection procedure of cam lift. For example, in the current study two
cams can be used namely high lift and low lift cam, but to optimize BSFC the use of a
low lift cam was found to be advantageous at engine loads below 600 kPa NMEP.
Therefore 600 kPa was a threshold load that decided which of the two cams should be
used. After selecting the cam, the valve timings were optimized for that particular cam.
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The use of low lift cams at low loads considerably reduced the throttling losses due to
increasing MAP.

Engines have a low volumetric efficiency at low loads because of the throttling of flow
past the high lift cams, but with low lift cams engines were shown to have higher
volumetric efficiency at low loads. This change in volumetric efficiency was achieved
due to improvements in engine MAP with the use of low lift cams. It was also shown
that pumping loss can be effectively reduced with the use of low lift cams. The main
reason for the reduction in pumping loss was MAP improvement, which reduces air
induction work. MAP had a direct effect on volumetric efficiency that in turn affected
the pumping loss.
This strategy can contribute to building a “virtual dyno” for calibration, but calibration
and optimization have to be extended further to calibrate the engine in less time. This is
an achievable task due to computer advances, distributed computing, and the growing
popularity of Design of Experiments techniques.

2.3.2 Variable Valve Timing
Variable valve timing is the next promising engine technology, which can take engines to
new levels of performance in terms of efficiency, emissions, and maximum power.
However, before VVT is actually put into practice it has to be tested, and its effects on
engine variables have to be investigated. The complexity of VVT engines is considerably
high compared to fixed cam engines, but the performance improvement achieved through
this technology make it worthwhile to add more complexity in an engine by replacing
fixed cam phasers with variable ones. Parvate Patil et al. [11] investigated VVT effects
on an engine using a simulation environment and investigated the effects of VVT on
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pumping loss, volumetric efficiency, BSFC, knock, and emissions. The authors used GTPOWER 1D cycle simulations for their analysis.

Late Intake Valve Closing (LIVC): Parvate-Patil et al. [11] concluded that LIVC reduces
pumping losses. In a conventional engine the intake valve closes approximately 50
degrees after BDC, but if the intake valve is kept open for a longer duration some of the
fresh air charge gets expelled back into the intake manifold during the compression
stroke. This increases the manifold pressure, reducing the pressure gradient between
atmospheric pressure and manifold pressure, which reduces the pumping losses of
subsequent cycles. Moreover, there was an improvement in knock and emissions with
the deployment of LIVC technology. LIVC reduced the effective compression ratio of
the engine as some of the mixture returns to the intake manifold without being
compressed.

Hence, the cylinder pressures and temperatures at the end of the

compression stroke are lower as compared to conventional engines, which results in
lower combustion temperatures and pressures.

Late Intake Valve Opening (LIVO): Parvate-Patil et al. [11] found that late intake valve
opening actually reduced unburned HC emissions. The reason is that LIVO created low
pressure in the cylinder, which, when the intake valve was opened, created turbulence
resulting in good combustion. However, the authors in this case failed to provide any
data regarding combustion profiles or rates to substantiate their claims. It was also stated
that while LIVO increases pumping losses, it does not affect volumetric efficiency
significantly, but no striking evidence regarding this claim was given.

LIVO

methodology creates a vacuum condition in the chamber, and hence when the intake
valve is opened the air rushes into the cylinder due to a pressure differential between the
intake manifold and the chamber. Therefore it was assumed that LIVO would not have a
detrimental effect on volumetric efficiency even though it increases the pumping losses.
In the absence of any data/results regarding the combustion profile studied, it is risky to
conclude that LIVO improved the combustion quality. One can claim that LIVO actually
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reduced residual gas fraction due to less overlap between exhaust and intake, which may
have a considerable role in improving combustion quality of the engine, but this also may
be a premature claim in the absence of any combustion studies.

Early Intake Valve Closing (EIVC): Parvate-Patil et al. [11] concluded that early intake
valve closing may prove beneficial at part loads as the mass of air required to burn low
quantities of fuel is less because of the low torque requirements. In this method the
intake valve is closed much earlier and the cylinder is isolated from the intake. This
reduces the pumping losses as the piston does not have to do any work in the remaining
intake stroke after the intake valve is closed. This improved the fuel economy but at the
price of higher HC emissions, because less air results in poor combustion quality. This
technology has more disadvantages than advantages and is still under investigation.

Early Intake Valve Opening (EIVO): Parvate-Patil et al. [11] also found that early intake
valve opening means greater overlap between exhaust and intake, which results in higher
residuals. The pressure gradient caused by these residuals enables flow back into the
intake manifold from the cylinder. The residual gases, if contained in the cylinder are
heated but as they flow back into the intake manifold, they are cooled due to heat transfer
with the lower temperature fresh air mixture.

In the subsequent intake stroke the

residuals flow back into the cylinder at a lower temperature, reducing the overall
combustion temperature, which results in decreasing knock and NOx emissions.
However, EIVO has a downside because higher residuals reduce the mixture quality,
reducing combustion quality and hence increasing HC and CO emissions.

When all or some of these technologies are used in conjunction with each other in an
engine, it is possible that the gains obtained by one method are offset by another. Hence,
it is difficult to optimize VVT to attain a target like BSFC while constraining undesirable
parameters like knock and emissions to acceptable limits.

Many times it has been

observed that one particular set of timings gives better fuel economy and worse
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volumetric efficiency, and engineers have to perform trial and error experiments to
determine the optimum because of the highly stochastic nature of engines and lack of
knowledge of the magnitude and direction of change in the engine variables involved.

Bozza and Torella [12] reviewed the use of 1D cycle simulations for A/F control in VVT
engines. An experimentally calibrated map for different VVT positions is generally used
for A/F control, but the disadvantage of such a method is the increase in complexity of
ECU software to switch between volumetric maps as the VVT position changes. An
alternative method to overcome this problem is to measure air flow with a flow meter in
real time and feed the signal to an ECU so that the ECU can control the fuel injection
parameters to ensure the required A/F ratio. However, this method adds complexity in
hardware. Moreover, the flow meter readings may not be trustworthy in the presence of
high residuals at high EGR rates.

For these reasons the authors tried to develop

correlations to calculate volumetric efficiency based upon engine variables like MAP,
engine speed, and VVT position. The authors used a 1D IME code to simulate engine
operation and validated the results at discrete load and speed points. This code was
implemented to calculate of volumetric efficiency at different VVT positions.

Bozza and Torella [12] mainly observed LIVC and LEVC VVT technologies in
conjunction with each other to study their effect on BSFC, knock, and emissions. These
aforementioned VVT techniques when used in conjunction with each other resulted in a
significant increase in fuel efficiency, while decreasing knock and NOx emissions. They
reported a decrease in the burning speed of the mixture at high EGR rates, which
decreased the combustion quality. The high EGR rates were a byproduct of LIVC and
LEVC timings. To offset the downfall of poor combustion quality at these valve timings,
they implemented a port deactivation strategy to induce swirl in the combustion chamber.

For part loads they defined the optimal VVT position by observing the trade-off between
the reduction of pumping work and EGR rates, but the engine behaved very differently at
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low loads. At low loads, retarding the cams increased COV of IMEP considerably. The
1D IME code used for numerical calculations was validated with the experimental
results, but the authors failed to validate the code at a variety of load and speed points.
As discussed in this study performed by Bozza and Torella [12], the parameters in the
code, used similarly to flow coefficients in pipes or back pressures in the exhaust, were
tuned only for WOT performance. Hence, this code is not a good representation of
engine behavior at part and low loads. Nevertheless, the BSFC and volumetric efficiency
trends observed at part loads provided good insight into the behavior of engine variables
when subject to VVT technologies.

After validating the numerical 1D IME code at a variety of engine load conditions, it was
used to calculate engine variables at 64 operating points with a full factorial sweep of
VVT. The point to be considered here is that a full factorial sweep is not generally
required and is undesirable to perform because of the computational time and cost
constraints. The authors could have used Design of Experiments procedures, now widely
used in industry, to reduce the number of simulations. The time required to perform the
full factorial sweep on a single PC AMD Athlon 1.7 GHz with Linux OS was two weeks.
Based upon simulation results, they attempted to fit a correlation to volumetric efficiency
as shown below,

2

 RPM 
 RPM 
2
2
vol  a1 
  a2 {VVT }  a3{MAP}  a4 
{VVT }
 1000 
 1000 
 RPM 
 RPM 
 a5 
{MAP}  a6 {MAP}{VVT }  a7 
  a8{VVT }
 1000 
 1000 
 a9 {MAP}  a10

[2.5]

where are a1..a10 are regression coefficients. This type of second order polynomial fit the
data very well; however, it is complex due in part to the presence of nine correlation
parameters. Some of the regression coefficients are quantitatively small enough so that
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the parameter they are associated with can be neglected. For instance, the coefficient a2
in the above correlation is -0.00005878 and, hence, the term [VVT]2 can be easily
dropped, reducing the complexity of the equation.

Bozza and Torella [12] also ran the simulations with a variety of ambient pressures and
temperatures to observe the dependence of volumetric efficiency on reference conditions.
They observed a linear dependence of volumetric efficiency on the temperature-overpressure ratio due in part to the sound speed variations and heat loss effects. The
presented study greatly simplified the A/F ratio control in a VVT engine to resemble a
fixed cam engine with the only addition being a cam position sensor. By sensing the cam
position, the volumetric efficiency of the engine can be predicted using the correlations,
significantly reducing the complexity of A/F ratio control strategy.

2.3.3 Variable Compression Ratio Engines
Diesel engines are more efficient than gasoline engines, and this has given diesel engine
manufacturers an advantage in today‟s competitive market. Over the past several years
most of the diesel engine manufacturers have implemented turbochargers and
superchargers for boosting purposes, but boosting technologies in the case of gasoline
engines are still not popular. Schwaderlapp et al. [13] reviewed the potential of boosting
technology in conjunction with variable compression for gasoline engines. The variable
compression ratio, if applied to gasoline engines along with a boosting device, can be as
efficient as diesel engines.

The selection of compression ratio for a gasoline engine is based mainly on the knock
limit at high load.

Hence, most often engines have to be designed for a lower

compression ratio than they can withstand at part load. The knocking tendency of an
engine at part load is considerably less because of lower combustion temperatures and
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pressures. Hence, they can tolerate higher compression ratios at these loads, but if the
engine has a fixed compression ratio, then their part load efficiency is affected. As most
engines operate at part load conditions for most of their life-time, this results in a
considerable loss of fuel efficiency.

A solution to this problem is moderately simple and may be summarized as downsizing
engine displacement along with implementation of boosting and variable compression
ratio capabilities. The downsizing of the engine moves the operating point of the engine
to a lower BSFC zone by increasing the specific load on the engine and decreasing
friction and pumping work. Downsizing reduces the fuel consumption and friction, while
increasing the losses associated with the increase in compression ratio and reduced
displacement.

Schwaderlapp et al. [13] have shown through experimental data that downsizing of the
engine displacement by 40% can achieve an increase in overall efficiency by 12.3%.
However, during the process of downsizing any engine, the compression ratio has to be
reduced due to knocking. As the engine becomes incapable of running at the same
compression ratio, its thermodynamic efficiency reduces. To overcome this loss, variable
compression has to be attained with modifications in the configuration of the engine.
There are several methods of achieving variable compression, but the discussion of these
methods is beyond the scope of this report.

Nilsson et al. [14] formulated an optimal control strategy for fuel control in SI variable
compression ratio engines. In conventional engines knock is avoided by retarding the
spark timing from the optimum. Though knock is avoided by late combustion, this also
decreases engine efficiency. Variable compression ratio engines give one more degree of
freedom to help avoid knock by adding a capability to reduce the compression ratio, but
the presence of two control variables obviously poses a vital question of selection of the
values to obtain the best engine efficiency.
37

Nilsson et al. [14] studied the dependency of engine efficiency and IMEP on compression
ratio and ignition timing at a variety of load and speed conditions. The objective variable
of the optimization was fuel consumption, while the constraint applied was knock
intensity.

The torque models were fitted to the experimental data, and the authors

successfully showed that a higher compression ratio resulted in greater engine torque and
therefore greater efficiency. The knock was measured by applying a high pass filter and
setting a window length of 25 samples. The authors considered only the knock intensity
at the primary knock frequency of 7 to 8 kHz, but this introduced some errors in the
calculation of knock intensity as knock also occurs at secondary frequencies much higher
than the primary one and, if not considered, can cause engineers to inaccurately quantify
the knock [15].

Nilsson et al. [14] showed that at low loads the knock intensity was less sensitive to
ignition angles. The increase in spark advance at low loads increased knock intensity
smoothly over the range of ignition angles. Moreover, at low loads the advantages of a
higher compression ratio can be fully realized because of lower knock tendency. The
knock trends change considerably at part and higher loads. The 100 kPa MAP is close to
full load for a naturally aspirated engine, but the engine under experimental investigation
here was equipped with a turbocharger and, hence, able to run at MAP pressure above
atmospheric.

At 100 kPa MAP, the sensitivity of knock to ignition angle and

compression ratio increased significantly. The behavior of the engine knock at this load
with respect to ignition angle was quite abrupt. Moreover at this load it was impossible
to run the engine at a compression ratio of 14 because of high knock intensities even at
retarded ignition timings.
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2.3.4 Gasoline-Ethanol Blending
Recent government legislation will require mandatory use of 10% ethanol in gasolinefueled engines in the future. These ethanol-blended gasoline fuels are generally referred
as “gasohol.” High content ethanol such as 85% is currently available in select locations
in North America. The main motivations for use of renewable fuels are the depleting
petroleum resources, lower emissions, and better engine performance.

With the

renewable nature of ethanol fuels, a possibility exists in the near future to convert current
vehicles into flex-fuel vehicles that can run on a wide range of ethanol-gasoline blends
without any change in engine design. This requires the performance of current engines to
be optimized for various ethanol blends. Ethanol fuels also have some limitations, which
pose challenges in designing an optimized engine capable of running on flex-fuel. The
basic difference between ethanol and gasoline fuel is shown in Table 2.1.

Table 2.1: Fuel Properties (data from [16])

As shown in Figure 2.4, the addition of ethanol decreases the energy content of the
mixture per unit mass, but the advantages of using ethanol-blended gasoline fuels include
better performance, reduced emissions, and increased efficiency.

Ethanol has a

considerably higher octane number rating than gasoline, reducing the knock tendency and
making possible the use of a higher compression ratio at higher loads. Moreover, the
higher latent heat of vaporization of ethanol serves to improve the performance of the
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engine. However, it has some negative effects on engine operation especially at cold
starting conditions.

Figure 2.4: Energy Content [kJ/liter] as a Function of Blend Ratio (data from [16]).
Wallner and Miers [16] have investigated the combustion characteristics of gasolineethanol blends in SI engines. They studied the variation of brake thermal efficiency with
the addition of ethanol and observed that at low and medium loads pure gasoline and low
ethanol blends gave approximately the same brake thermal efficiency. They also
observed that at higher loads the efficiencies for higher ethanol blends increased
continuously, whereas those for lower ethanol blends and gasoline deteriorated. This is
due to the fact that if the engine is equipped with a knock sensor, at higher loads and for
low ethanol blends and gasoline, it retards the spark timing from optimum to avoid the
knock. The retarded spark timing decreases the engine efficiency, but the spark timing at
higher ethanol blends, like E85, can be kept at the optimum without any potential hazard
of knock. This is shown in Figure 2.5. The optimum spark timings for limited knock for
each fuel are shown in Figure 2.5 along with their corresponding 50% mass fraction burn
locations in Figure 2.6.
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Figure 2.5: Optimum Spark Timing versus. Engine Torque (data from [16]).

Figure 2.6: CA50 Location versus. Engine Torque(data from [16]).
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Evident from Figure 2.5 is the effect of fuel on combustion phasing. At low and part
loads the spark timing for each fuel was approximately at the optimum with some
minimal differences, but at high loads the spark timing for gasoline and low ethanol
blends has to be retarded to avoid knock. This results in a later CA50 location thereby
decreasing the efficiency, but for E85, even at high loads, spark timing near the optimum
can be realized, keeping the knock index within permissible limits.

It should be noted

that the feasibility of combustion phasing can also be determined from the location of
peak pressure instead of the 50% mass fraction burn location.

Figure 2.7 shows the effect of peak pressure location on the indicated mean effective
pressure for different ethanol blends. It should be stated that the indicated mean effective
pressure is directly correlated to engine torque. From Figure 2.7 it is clearly seen that for
E85 the peak pressure location can be advanced considerably compared to gasoline and
low ethanol blends.

Figure 2.7: IMEP Comparison for Different Fuels (data from [17]).

It can be argued that differences in the IMEP of each fuel, as seen in Figure 2.7, are
caused primarily by the air-to-fuel ratio and heating value variations in these fuels. If one
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considered the lower AFR for E85 along with its lower heating value, then the E85
mixture yields the same energy content per unit mass of mixture charge as gasoline and,
hence, the source of differences in IMEP is other than AFR and heating value. Wallner
and Miers [16] did not provide volumetric efficiency differences for these fuels, which
could explain the differences in IMEP values. From a fundamental perspective, higher
latent heat of vaporization should cool the incoming air increasing its density and, hence,
volumetric efficiency of the engine. It is known that the engine needs a greater amount of
ethanol blended fuel as compared to pure gasoline to output the same torque. This extra
fuel displaces some air after vaporization and decreases the volumetric efficiency. Thus
the overall volumetric efficiency is the same or slightly less for E85 than for gasoline.

Figures 2.8 to 2.10 show the effect of ethanol addition on emissions. It is clear from
these figures that ethanol addition significantly decreases the CO and HC emissions from
the engine. This is due to the effect of oxygen enrichment on ethanol blends. Each
ethanol molecule brings with it one atom of oxygen, which results in lean combustion
because of the increased stoichiometric air-to-fuel ratio.

At the same time ethanol addition has a detrimental effect on NOx emissions. The NOx
emissions for ethanol blends are higher than gasoline because of higher combustion
temperatures. As explained earlier, with ethanol blends optimum spark timing can be
achieved, resulting in greater combustion temperatures, but with gasoline the spark
timing has to be retarded from the optimum, which has an adverse effect on engine
efficiency but reduces NOx emissions because of sub-optimal combustion pressures and
temperatures.
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Figure 2.8: CO Emissions for Different Fuels (data from [17]).

Figure 2.9: HC emissions for different fuels (data from [17]).
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Figure 2.10: NOx Emissions for Different Fuels (data from [17]).
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Chapter 3 Model Construction
3.1 Background
To assess the performance of any engine it is important to study the in-cylinder
combustion in explicit detail as the combustion characteristics have the greatest affect on
the overall engine performance. The intake and exhaust pressures primarily affect the
volumetric efficiency of the engine, while combustion affects the fuel conversion
efficiency. There has been a significant amount of research performed on the topic of incylinder combustion, but assessing the uncertainty in combustion due to cycle-to-cycle
variation is very difficult.

Recently a predictive combustion modeling tool was

developed at Michigan Tech through a research project funded by GM and the State of
Michigan. This tool makes use of parametric correlations to predict the mass fraction
burned based upon known input conditions such as engine geometry, chemical properties
of the fuel, and operating conditions. The detailed description of the model can be found
in Yeliana [6]. Herein only the changes made to the existing tool will be discussed.

The predictive combustion model was built using the GT-SUITE [5] software platform.
GT-POWER is a subset of GT-SUITE in which in-cylinder combustion, turbulence,
flame characteristics, fuel spray entrapment, and knock can be modeled. GT-POWER
contains in built-in single Wiebe function model that is widely used to calculate the mass
fraction burned profiles. The general form of the single Wiebe function is

   0 
xb  1  exp[a 
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m 1

]

[3.1]

where xb is the mass fraction burned, a and m are shape factors, which can be varied,  0
is the reference angle, and  is the combustion duration. GT-POWER takes  0 as the
CA50 location and  as the burn duration 10-90% [5]. Accordingly, the values of the
parameters a and m change, but Heywood states that  0 is the start of combustion and

 is the total burn duration (xb = 0 to xb = 1). Figure 3.1 shows a comparison between
an MFB profile calculated using single Wiebe model and an experimentally obtained
MFB. As can be seen, the single Wiebe accurately represents the mass fraction burned
profile in this case, and hence has a potential for use in engine combustion studies.
However, by analyzing Eqn. 3.1, it can be determined that it provides a poor fit to
asymmetrical mass fraction burned profiles.

Figure 3.1: Comparison of Experimentally Obtained and Wiebe Model Generated Mass
Fraction Burn Profiles.

In some circumstances a single Wiebe function cannot predict the MFB with sufficient
accuracy, especially when the burn profile is not a smooth exponential function. For
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example, when engine burning rates are rapid in the first half of combustion and decrease
in the later half, it has been observed that a single Wiebe does a poor job of representing
the mass fraction burned profile. In such cases a double Wiebe has proven to be more
accurate. The GT-POWER compound model used for this study incorporates a double
Wiebe model to approximate the combustion profile, which is first calculated using
several burn duration correlations [6].

3.2 Model Updates
In this chapter a brief explanation of the changes made to the existing GT-POWER
combustion compound model is presented. It will discuss the following topics:


Laminar flame speed calculations



Chen Flynn mechanism for calculating engine friction



Knock model



Clearance height calculations for different combustion chamber geometries



Simulation matrix and operating points

3.2.1 Laminar Flame Speed Calculations
The GT-POWER combustion compound model uses a set of burn duration correlations
that include laminar flame speed. The laminar flame speed calculations are performed
explicitly in the model, and then the calculated laminar flame speed is used as an input to
the burn duration correlations. The existing laminar flame speed correlations use a
constant coefficient of 2.3 for residual gas fraction, which was shown to change with
changes in fuel type [7]. Hence the form of the correlation was changed to accurately
predict the laminar flame speed for each fuel type.
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Using research conducted at

Michigan Tech in the field of chemical kinetics, more robust and accurate correlations for
the laminar flame speed were developed [7].

The existing laminar flame speed

correlations available in GT-POWER are
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This was changed to the modified laminar flame speed correlation of
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2

[3.6
]
)

[3.7]

ethv  0.69 :   1.86,   0.42, a  1.4, b  2.3
ethv  0.69 :   1.95,   0.40, a  1.55, b  1.97

[3.8]

Equations 3.6 to 3.8 are used to calculate the laminar flame speed at the start of
combustion, CA00. To calculate the laminar flame speed at 50% burn angle, Tign and Pign
in the above correlations are replaced by TCA50 and PCA50. Temperatures and pressures at
the start of combustion and at the 50% burn angle are calculated in the GT-POWER
model during the previous iteration and sent to the laminar flame speed submodel. The
submodel calculates the laminar flame speed as an input to the burn duration correlation.
Using the burn duration correlations, the model calculates the burn profiles, pressures,
and temperatures. The entire loop is repeated until the convergence criteria are met. The
GT-POWER compound model can be found in Appendices A and B.

3.2.2 Chen Flynn Mechanism for Calculating Engine Friction
Engineers use heat release models to predict the engine performance with reasonable
accuracy making possible the prediction of cylinder pressure history. Using the heat
release and volume change rate of the combustion chamber, indicated quantities like
mean effective pressure, power, and torque can be predicted. However, prediction of
brake output quantities can be difficult and incorrect at times because of the inadequate
models that are used to calculate the mechanical losses. Significant portions of these
losses are attributed to various types of frictional losses namely piston assembly friction,
valve train friction, bearing friction, and losses in auxiliaries. Hence it is important to
calculate the friction accurately to make reliable predictions of brake quantities.
The studies performed by R. E. Gish et al. [18] showed the dependence of engine friction
on engine speed and peak cylinder pressure. These studies are the origin of the Chen
Flynn friction model, which accounts for the dependence of engine friction on engine
speed as well as combustion pressure. Over the years the Chen Flynn model has been
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used by countless engineers to predict friction losses with reasonable accuracy.
However, there are disadvantages of this formulation e.g. regression of model
coefficients for a new dataset or engine configuration.

This model lacks true

predictability in terms of its ability to calculate frictional losses for a completely
unknown engine configuration.

Nevertheless, this model can be used satisfactorily

whenever reliable experimental results are available.
The problem of inaccurate predictions of engine friction with the Chen Flynn model lies
mainly in accounting for the friction from different engine components that respond
differently to changes in pressure, temperature, load, and speed. S. F. Rezeka et al. [19]
proposed a model to calculate engine friction on a crank angle basis instead of cycle
basis. This type of formulation proved to be very accurate and has been improved by
other engineers over the past years. As discussed earlier, engine friction is divided into
many categories and some of these categories show little to no dependence on engine
speed and load. For example, the valve train friction is independent of engine speed and
load, and is a strong function of crank angle. Therefore, assuming that valve train friction
is dependent on speed and load reduces the accuracy of friction prediction. This is the
case with other friction components like piston skirt friction, unloaded bearing friction,
and ring viscous friction, which show more dependence on crank angle than on speed and
load.
Another factor that reduces the accuracy of the Chen Flynn model is its dependence on an
engine dataset that is used to calculate indicated quantities [20]. If the test set up or
design parameters are changed, then the model coefficients have to be recalculated to
maintain the accuracy.

This is a hindrance to obtaining fast results in competitive

environments. Moreover, it has been shown that model coefficients developed for one
geometrical configuration of an engine cannot be used for a different geometry due to a
lack of reliability [20]. Another conclusion drawn by E. Pipitone [21] showed that
friction is not only dependent on the magnitude of peak cylinder pressure but also on its
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crank angle resolved location. They showed considerable improvement in accuracy of
friction prediction by adding LPP as a fifth term in the Chen Flynn model.
The Chen Flynn friction model tries to capture the dependence of engine friction on
engine speed and predict FMEP using a mathematical formulation with the general form

FMEP  A  B  Pmax  C  n  D  n2

[3.9]

where A, B, C, and D are constants. It has been shown in the literature [22] that the Chen
Flynn model predicts the FMEP within an error of 10%. Some recent work has examined
the inclusion of a fifth term in the above formulation to represent the location of peak
pressure [21]. This type of formulation has been shown to be more accurate than the
Chen Flynn model, but for the current project, the Chen Flynn model was used to
calculate FMEP with four terms as shown in Eqn. 3.9.

Engine friction is also dependent on engine geometry parameters such as bore, stroke,
piston weight, and piston skirt. Hence the general practice is to determine new values for
A, B, C, and D for each engine geometry. The dependence of engine friction on speed
and load was also studied at Michigan Tech, and it was observed that two engines
operating at the same speed and load can show vast differences in FMEP values as
calculated by the Chen Flynn model. The following figure shows this difference.
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Chen Flynn FMEP= constant+(mean piston speed factor*mean piston speed)+
2

2)

(mean piston speed factor *mean piston speed +(peak pressure factor*peak
pressure)
Mule coefficients
0.156

Mean piston speed factor
Mean piston speed factor
Peak pressure factor
Constant

2

-0.0056
0.0015
0.125

LAF coefficients
0.0166
0.0025
0.0016
0.1736

Figure 3.2: Comparison of Chen Flynn Model FMEP Calculations for LAF Engine
using LAF and Mule Coefficients.
As can be seen from Figure 3.2, using Mule engine coefficients to predict FMEP for the
LAF engine leads to inaccurate results.

The FMEP should physically rise with an

increase in engine speed, but for the speed of 4000 RPM and above the FMEP values
obtained using the Mule coefficients start to drop, even with increasing speed. This
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problem can be overcome by obtaining new model coefficients based on the LAF dataset.
The LAF coefficients describe the engine friction accurately. However, the accuracy of
the Chen Flynn model can further be improved by the use of methods described
previously.

3.2.3 Knock Model
For most cases knock provides a constraint to the engine optimization problem. In the
current project, a knock model was used in GT-POWER to predict knock intensity, which
was used to remove high intensity knock cases during the optimization process. The
implemented knock model calculates knock intensity based upon the Douaud and Eyzat
formulation [5] for in-cylinder knock. This formulation is widely used to calculate knock
intensity as the calculations are less complex than those of other available formulations
such as Franzke and Worret [5]. The inputs to the knock model are combustion chamber
geometry, spark location, and octane number.

The current project includes knock intensity as a constraint variable rather than an object
variable, and therefore the required accuracy of the value for knock intensity is less
severe. Hence, for the current study, a simple engine with a flat chamber and bowl in
piston geometry was specified. The spark plug was located centrally in the chamber and
2 mm from the dome head.

The octane numbers for the fuel blends (E10, E20, and E85) were taken from the CARB
report [23]. There has been significant disagreement among the octane numbers results
for ethanol blends obtained by different test engineers. The octane number of gasoline
fuel does not increase linearly with the addition of ethanol, and hence engineers have
performed experiments to calculate the octane number of a given gasoline-ethanol blend
instead of predicting it based upon a formulated function. Because of this variation in
octane numbers, it was necessary to use a single source for the octane number of the fuel
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blends being considered. The CRC report does contain octane ratings for E10, E20, and
E85, and hence this report was used to obtain representative octane ratings.

As can be seen from Figure 3.3, the octane rating of an ethanol blend is not proportional
to the percentage of ethanol in the blend. The greatest increase in octane number occurs
between E0 and E10, but then remains essentially constant to a level of 85% ethanol in
the blend. The difference between the (R+M)/2 value of E0 and E10 is 4%, while
between E10 and E85 it is 7%. The octane number value specified in the GT-POWER
knock model is the (R+M)/2 value.

Figure 3.3: Effect of Ethanol Addition on Octane Number.

The knock model determines a global value of knock intensity, which is based on the
induction time integral calculated for all of the individual surfaces in contact with the
unburned gas. The model divides the space between the unburned gas and individual
surfaces into thin zones of gas. The temperatures of these thin zones are calculated based
on the bulk gas temperature and adjacent wall temperature and further used to calculate
the induction time integral [5].
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The Douaud and Eyzat [5] formulation of knock intensity is divided into two subparts,
which are represented by Equations 3.10 through 3.12. Equations 3.10 and 3.11 calculate
the induction time and its integral, respectively, and Equation 3.12 calculates the global
knock intensity based upon the methodology describes previously. The induction time
integral is evaluated from intake valve closing angle to the angle at knock initiation.
When the value of this integral is greater than one, the cycle is considered to be knocking.
Equation 3.12 calculates the global knock index value for the cycle under consideration.

 ON 
  5.27 10  P  

 100 

3.402

P

6

1
T  thkn
IVC .dt



V
KI  10  A  K m   TDC
 VI
4

 T 

1.7

e

 3800 


 BTu 

[3.10]

[3.11]

  Tua 
 max[0, (1  (1   ) 2 )]  Tavg
 e


[3.12]

The knock intensity value calculated by the GT-POWER knock submodel is a global
value and is a representation of the severity of knock. To correlate this value with the
actual knock intensity for a specific engine, there are several multipliers that increase or
decrease the severity of the knock. Due to the limited availability of knock behavior
knowledge for the LAF engine, the multipliers were set to default values of 1. The next
step was to correlate the GT-POWER knock intensity values with experimental data
representative of the LAF engine knock behavior. Data from the Michigan Tech Hydra
engine, a single cylinder version of the 4 cylinder LAF engine, was used for this purpose.
The GT-POWER model for the Hydra engine was used to correlate the calculated knock
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model intensity results with actual engine knock intensity values at given operating
conditions.

A rigorous model calibration would include extensive experimental testing and scaling of
the GT-POWER knock model coefficients to produce results that match the experimental
knock intensities.

Such a calibration technique is complex due to the number of

parameters that affect engine knock.

For example, spark advance can considerably

increase the knock probability and intensity, but at the same time IMOP and EMOP can
also affect it.

In general, to capture the sensitivity of knock to different engine

parameters, all the parameters are swept in their respective ranges and then these results
are used to calculate the knock model coefficients, but due to a lack of data from such a
test a less comprehensive approach was used to calibrate the knock model.

The Hydra engine test data collected by Brandon Rouse consists of averaged values of
each measured quantity for 150 cycles at each test point [24]. Due to the inherent cycleto-cycle variability, ACAP recorded spark timings and CA50 locations for each cycle.
Though the actual sweep of spark timing was not taken during testing of the Hydra
engine, the presence of cyclic variations in spark timing can be used effectively. Hence
to calibrate the knock model, the GT-POWER Hydra model was run at three IMOP and
EMOP conditions with a sweep of CA50 location from 0 to15 CAD ATC. The results
from the sweep of CA50 locations for each IMOP and EMOP condition were exported to
MATLAB [25] for analysis. These data are shown in Appendices C, D, and E.

It is clear from Figure 3.4 that the knock intensity does not vary linearly with CA50
advance, but exhibits a sudden increase after a particular value of CA50. To calibrate the
knock model, it is necessary to define a border line knock intensity beyond which the
engine is considered to be knocking. This border line knock intensity value can be found
by comparing the simulation results of knock intensity to the experimental data. The
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experimental border line knock intensity value for the Hydra engine was defined as
30kPa by Brandon Rouse [24].

From the experimental data, three test conditions were chosen at which the engine was
running in the border line knock condition. The same cases were run in GT-POWER by
performing a sweep of CA50 in the Hydra model. The simulation results were compared
to test results and the knock model was calibrated. The border line knock intensity value
for the GT-POWER knock model was assumed to be 600 units and any case with a knock
intensity value higher than 600 was considered to be in the knocking region. The results
of the comparison between experimental knock intensities and simulated knock model
intensities are shown in Appendices C, D, and E.

3.1.5 Simulation Matrix and Operating Points
In this study, the operating points selected for the optimization were based on the engine
map of a 2010 Chevy Malibu provided by GM. The engine map and 11 operating points
are shown in Figure 3.6. Determination of the number of points used for optimization is
based on similar studies conducted by GM which used three, five, and 11 points for
optimization depending upon the required accuracy of the results and resources devoted
to the project. From the 11 points provided, five points were used for the current
optimization. These operating points were calculated for FTP cycle considering equal
regions of work at all of these points. Hence the results can be obtained faster for five
operating points than for 11 with minimal loss of accuracy. Table 3.1 shows the five
operating points used for optimization in the current study. The corresponding values of
torque, speed, power, and fuel consumption are also shown in Table 3.1. Table 3.2 shows
the range of each GT-POWER input variable, namely IMOP, EMOP, compression ratio,
CA50 location, and fuel type.
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Figure 3.4: Engine Map of Chevy Malibu 2010 with 11 Operating Points.
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Table 3.1: Specifications for Operating Points

Table 3.2: Simulation Matrix
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Chapter 4 Results and Discussion
4.1 Overview
The simulation matrix was divided into five regions as discussed in Section 3.2.5. One
region is the idle zone, while the others are medium to high load regions. The results of
the GT-POWER simulations at these five regions or operating points will be discussed in
detail in this chapter.

It is worth mentioning that constrained optimization was performed to limit the knock
intensities and residual gas fractions to within allowable limits. The knock intensity limit
was determined to be 600 units, as discussed in Section 3.2.3. The residual gas fraction
limit was determined to be 30% by mass, based on engine fundamentals [8]. The results
that did not lie within the allowable limits of knock and residual gas fraction were not
considered during the optimization studies, and therefore are not discussed. The idle
zone results will be discussed last as an understanding of the results of other zones will
aid in the explanation of the trends seen during idle.

4.2 Results
It was observed that the engine responds to partial and full loads differently than it does
to the idle load. Hence the discussion of the results has been broken down into two parts.
First the simulation results at part loads will be discussed. The simulation matrix has four
part load points from which the results of the 106.83 Nm torque point will be discussed
in detail. The dependence of BSFC of the LAF engine on compression ratio, ethanol
fraction, and VVT will be discussed. Moreover, the variation of knock intensities with
VVT will also be shown.
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4.2.1 Zone 4 results

Effect of VVT: The zone 4 operating point has an engine speed of 1578 RPM and brake
torque value of 106.83 Nm. It is the point of high load and medium speed and hence
representative of highway driving conditions.

Understanding how different engine

variables like compression ratio, VVT, or ethanol fraction affect the engine performance
at this load point depends upon a clear understanding of the numbers and an analysis of
the exhibited trends. Proper displays of the variables using graphs is an effective method
to quickly understand the numbers and analyze the trends. For this purpose a set of plots
will be used to present the results and support the discussion.
Figure 4.1 shows the dependence of BSFC and knock intensities on VVT. The blue line
in Figure 4.1b shows the knock constraint. For a compression ratio of 11.9 and 10%
ethanol, at every EMOP value BSFC increases as IMOP is increased except at a value of
235 EMOP. At 235 EMOP, the BSFC drops with increases in IMOP. An increase in
IMOP means delayed intake valve closing. The reason for this behavior is that with
delayed intake valve closing the effective compression ratio of the engine decreases.
This decrease in effective compression ratio decreases the pressure and temperature at the
end of the compression stroke, and hence a larger amount of fuel needs to be injected to
achieve the target value of load or brake torque.
At a given IMOP value, increasing EMOP from 235 to 275 decreases the BSFC, but for
an EMOP value of 285 the trend seems to reverse. It would be premature to comment on
the results at EMOP values greater than 285 because of the unavailability of results.
Nevertheless, it is known that there is always an optimum value of EMOP that gives the
highest engine efficiency. This is because there is always a trade off involved in selecting
the optimum value of EMOP. An increase in EMOP corresponds to late exhaust valve
opening and closing. The late exhaust valve opening increases the available expansion
ratio, and hence increases the work output of the engine. This may be the reason that the
engine needs less fuel to target the same load because of the increased engine output. It
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has to be kept in mind that opening the exhaust valve very late in the cycle can have an
adverse effect on the efficiency of the engine. This is because a later exhaust valve
opening decreases the engine blow down, and the engine has to do more work during the
exhaust stroke to push the exhaust gases out of the combustion chamber decreasing the
overall engine output. Based on these results, it is safe to conclude that the optimum
value of EMOP lies somewhere close to 275 at a load of 106.83 Nm, a compression ratio
of 11.9, 10% ethanol, and a CA50 of 10° ATDC.
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a)

b)

c)

d)

e)

f)

Figure 4.1: Dependence of a) BSFC, b) Knock Intensity, c) Residual Fraction, d)
Volumetric Efficiency, e) PMEP, and f) Burn Duration 10 to 90 on VVT for zone 4,
compression ratio 11.9, 10% ethanol and CA50 of 10 ATDC.
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Although engine BSFC is of prime interest in deciding the values of the engine control
variables, we have to limit quantities such as knock and residual fraction as well. As
shown in Figure 4.1 running the LAF engine at EMOP greater than 265 may be
detrimental due to higher knock intensities at these points. It can be seen that an increase
in the EMOP value increases the knock intensities. The knock intensities are not directly
affected by exhaust valve timing. Nevertheless, knock is highly dependent upon the
temperature of air inducted during the intake stroke, which in turn is affected by the
exhaust valve timing. If we analyze the effect of EMOP on residual gas fraction, we see
that increased EMOP, or later exhaust valve closing, increases the residuals due to the
increased overlap between intake and exhaust valve. The residuals increase the pressure
and temperature of the inducted air, and in turn the tendency of the engine to knock
increases.
The increase in IMOP decreases the knock intensities due to a decreased effective
compression ratio.

The lower the effective compression ratio, the lower are the

temperature and pressure at the end of the compression stroke, which results in lower
knock tendency.

Moreover, an increase in IMOP value also reduces the residuals

because of less valve overlap. Any increase in IMOP increases the volumetric efficiency
and PMEP up to an IMOP value of 475, beyond which the trend seems to reverse. The
reason for this behavior is that lower IMOP, or early intake valve opening, reduces the
work required to induct fresh air charge into the cylinder. This happens because at
medium to high engine speeds the air acquires high momentum while passing through the
engine intake manifold. Opening the intake early utilizes this air momentum to fill the
cylinder with fresh charge. Moreover, there is also a second phenomenon that indirectly
affects the pumping work required. At a given EMOP, early opening of intake or lower
IMOP value, means greater residuals. Some fraction of these residuals flows back into
the intake manifold because of the pressure differential that exists between the exhaust
manifold and the intake manifold. This reverse flow of exhaust into the intake manifold
increases the manifold pressure, and provides faster filling of the cylinder with fresh air
charge in the subsequent intake stroke. The higher EMOP value, or late closing of the
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exhaust valve, increases the intake manifold pressure due to back flow of gases as
explained earlier. This increases the intake air temperature and reduces the density,
which causes volumetric efficiency to drop.

Although late exhaust valve closing

decreases volumetric efficiency till EMOP of 275, the trend seems to be reverse beyond
this value.
The analysis of burn duration 10 to 90 is not solely dependent on VVT. Although the
flow field in the cylinder is affected by VVT to a great extent, it is not the only
independent variable that affects the burn duration.

The spark timing, mixture

entrainment, spark and injector location, and spray characteristics and many other
variables are responsible for changes in burn duration. Though increases in EMOP seem
to be increasing with burn duration 10 to 90, the reasons may not be limited solely to the
changes in EMOP. The burn duration phenomenon is so complex that it is advisable to
further analyze the burn process with CFD tools to determine its dependence on engine
variables.

Effect of Compression Ratio: The compression ratio directly affects the efficiency of the
engine. So increasing the compression ratio of the engine is always advisable provided
that knock remains within acceptable limits. Figure 4.2 shows the effect of increasing the
compression ratio on the efficiency of the engine and knock tendency. The results show
a much expected trend in that although the engine is operating at much higher efficiency,
the engine becomes more prone to knock until a point at which knock cannot be avoided
by changing EMOP and IMOP timings. As shown in Figure 4.2 the entire VVT range is
an inoperable zone, and the engine cannot be operated at this compression ratio even
though it is desirable.
The increase in compression ratio also increases the residuals by a small amount. The
reason is that at a higher compression ratio, the pressure at the end of expansion stroke is
higher, which also increases the exhaust manifold pressure. During the subsequent intake
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stroke there will be a greater reverse flow of exhaust gases to the intake manifold and
cylinder due to a greater pressure differential.
The increase in compression ratio also seems to be increasing the PMEP and decreasing
the volumetric efficiency of the engine. As described earlier, at higher compression
ratios the pressure in the cylinder at the end of expansion stroke is greater. Thus the
piston has to do extra work to push the exhaust out of the cylinder. Moreover, the
vacuum condition before the start of the intake stroke helps to induct the fresh air charge.
Since it is possible that cylinder pressure just before the intake stroke may be greater at
higher compression ratios, the piston will have to do more work to induct the air.
Therefore, the higher compression ratio may be increasing the PMEP and decreasing the
volumetric efficiency of the engine.
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a)

b)

c)

d)

e)

Figure 4.2: Dependence of a) BSFC, b) Knock Intensity, c) Residual Fraction, d)
PMEP, and e) Volumetric Efficiency on VVT for Zone 4, Compression Ratio 17,
10% Ethanol and CA50 of 10 ATDC.
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Effect of Ethanol addition: Ethanol has a lower heating value and higher heat of
vaporization than gasoline. The lower heating value of ethanol results in a higher BSFC,
which is as expected and observed by others. The higher octane number of ethanol helps
to decrease the knock intensities, which is again an expected behavior.
Another effect of ethanol addition, which goes sometimes unnoticed, is an increase in the
volumetric efficiency of the engine. The higher heat of vaporization of ethanol cools the
incoming air due to heat transfer. As the air is cooled, its density is increased providing a
larger available mass of air. The increase in the volumetric efficiency is also reflected in
a decrease in pumping work, which can be seen from the PMEP graph in Figure 4.3.
Another important aspect of ethanol addition is that it decreases the burn duration, which
can be seen from Figure 4.3. The reason is that ethanol has a lower laminar flame speed
than pure gasoline, and hence it slows the burning process.
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a)

b)

c)

d)

e)

Figure 4.3: Dependence of a) BSFC, b) Knock Intensity, c) Volumetric Efficiency,
d) PMEP, and e) Burn Duration 10 to 90 on VVT for Zone 4, Compression Ratio
11.9, 85% Ethanol and CA50 of 10 ATDC.
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4.2.2 Zone 2 results
The results for zone 2 are shown in Figure 4.4. The torque and speed at zone 2 are 90.55
Nm and 1814 RPM, respectively. Comparing the results at zone 4 and zone 2 it can be
easily seen that the trends in the engine variables such as BSFC, knock intensity, residual
gas fraction, volumetric efficiency, PMEP and burn duration are similar. The engine
parameters such as compression ratio, ethanol fraction, and VVT affect the engine
performance at zone 2 in the same way as in zone 4. Hence explanation of these trends
will not be given here to avoid repetition. Some key points are worth mentioning to
summarize the analysis of engine performance at zone 2.
1) Early exhaust valve opening/closing increases BSFC although it decreases the
knock intensity. Hence, the optimum value of EMOP is a trade-off between
knock and engine efficiency.
2) Early intake valve opening/closing decreases BSFC while increasing the knock
intensity. Therefore, the optimum value of IMOP is a trade-off between knock
and engine efficiency.
3) Increasing the compression ratio decreases the BSFC although it makes the
engine more prone to knocking due to increased knock intensity.
4) Ethanol addition in pure gasoline decreases the knock intensity enabling the goal
of higher compression to be realized.
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a)

b)

c)

d)

e)

f)

Figure 4.4: Dependence of a) BSFC, b) Knock Intensity, c) Residual Fraction, d)
Volumetric Efficiency, e) PMEP, and f) Burn Duration 10 to 90 on VVT for Zone 2,
Compression Ratio 11.9, 10% Ethanol and CA50 of 10 ATDC.
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4.2.3 Idle zone results
The VVT affects the BSFC, residual gas fraction, PMEP, volumetric efficiency, and burn
duration at the idle point in the same way it does at the torque point of 106.83 Nm.
Hence the discussion of the results is the same and will not be repeated here. The
interesting aspect of the results would be a comparison with the torque point of 106.83
Nm.

Although the trend of engine variables like BSFC at the idle point closely resembles the
trends observed at the high load point, the magnitudes are quite different. The BSFC at
idle point is much higher due in part to the incomplete combustion of the mixture. The
breathing of the engine is affected adversely at the idle point because of low engine speed
and the throttling of air in the throttle connection at low load. The poor breathing of the
engine adds to the incomplete combustion of the fuel, and hence lower heat release.
Therefore, more fuel has to be added to meet the target load. This can be seen from the
results shown in Figure 4.5. The volumetric efficiency and PMEP plots in Figure 4.5
show how poorly the engine breathes at idle load points.

The level of residuals at the idle point is much higher than at high load points. This
behavior is also expected as the pressure differential between the exhaust manifold and
intake manifold is very high at the idle point.
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a)

b)

c)

d)

e)

Figure 4.5: Dependence of a) BSFC, b) Knock Intensity, c) Residual Fraction, d)
Volumetric Efficiency, e) PMEP, and f) Burn Duration 10 to 90 on VVT for Idle
Zone, Compression Ratio 11.9, 10% Ethanol and CA50 of 8.5 ATDC.
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4.2.4 BSFC correlations
This report was divided into two parts.

First analyzed the trade offs of VVT,

compression ratio, and ethanol fraction by studying their effect on engine BSFC, knock
tendency, residuals percentage, volumetric efficiency, PMEP, and burn durations. The
second part is correlating BSFC to engine variables that can be controlled, and hence can
be used to adjust the BSFC around a certain desirable value, and would also help test
engineers to run fewer tests by predicting BSFCs prior to running the tests.

This

subsection shows the BSFC correlation calculated at each load point using the engine
variables that are independent and manually controllable.

BSFC correlation at Zone 1: Two different correlations are fitted for CA50 of 10 and 15
ATDC at each load point. Table 4.1 summarizes the values of the coefficients at each
load point. The general form of the equation that is fitted at each load point is shown by
Equation 4.1.

BSFC

 LHVsimulated fuel 
 (Constant)
 LHV


reference fuel 

 Heat of vaporization simulated fuel 
 Heat of vaporization


reference fuel 

 IVOsimulation

 IVOideal 

( coeff3 )

(coeff1 )

[4.1]

( coeff2 )

 EVOsimulation

 CR ( coeff ) [Spark timing BTC]( coeff
5
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6

)

 EVOideal 

( coeff4 )

Table 4.1: Matrix of correlation coefficients

The fitted values can be graphically compared to the simulated values. This graphical
comparison is avoided here as it would require an addition of 9 more plots for each
equation in the Table 4.1. Hence the R2 terms are added in the Table 4.1 that compare
the fitted and simulated values numerically. The higher value of R2 corresponds to a
better fit. Values very close to 1 signify that the variance between fitted and simulated
values of BSFC is negligibly small and the fitting function gives a good approximation to
the BSFC.

Note: EVOideal and IVOideal in the above equation are considered to be BDC and TDC
positions respectively.

Physical significance of LHV and compression ratio coefficient: The addition of ethanol
increases the BSFC of the engine as shown and discussed earlier. The BSFC evaluates
the performance of the engine on a mass basis, and hence is not a true representation of
engine efficiency. Ethanol has a lower heating value than gasoline, and therefore to
achieve the same amount of heat release from both fuels a greater mass of ethanol is
required. This means that to properly evaluate engine operation with two different fuels a
common reference point is needed.

Engine researchers have primarily used energy
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release from the fuel as a reference to compare performance of an engine operating on
two different fuels. This type of comparison focuses on calculating the fuel consumption
required to achieve the same amount of energy release. The fuel consumption is a
quantity with units of g/kW-hr, which shows that it does not compare equivalent input
and output. By observing the units of fuel consumption, one can interpret that the input is
mass of fuel and the output is energy. As discussed earlier, due to lower the heating
value, the required input amount is higher for ethanol to produce the same amount of
work. This gives an impression that ethanol performs poorly in terms of efficiency,
which is not the case. The true representation of efficiency of the engine is comparing
the energy given to the system with the work produced by the system. A modified form
of engine efficiency is given by equation 4.2. Therefore, obviously for ethanol less
energy is given to the engine per unit mass, and hence less work is produced by the
engine, but if these two quantities are compared to each other a true idea of engine
efficiency is obtained. Therefore, comparing the mass required with the work produced
as in the case of BSFC, energy required with the work produced should be compared
when evaluating performance of an engine operating on two different fuels.

Calculations at zone 4:

engine 

1
LHV fuel  BSFC

[4.2]

Using the BSFC correlation at zone 4 and CA50 of 10 ATDC in Equation 4.2 results in
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 engine 

1
 LHVsimulated fuel 
LHV_simulated fuel  (381.1371)
 LHV


reference fuel 
 Heat of vaporization simulated fuel 
 Heat of vaporization


reference fuel 

 IVOsimulation

 IVOideal 

( 0.0018)

(-0.9685)

[4.3]

( 0.0044 )

 EVOsimulation

 EVOideal 

( 0.0094 )

 CR ( 0.1947 ) [Spark timing BTC]( 0 )

Assuming that,

 LHV

X  (381.1371)  simulated fuel 
 LHVreference fuel 

(-0.9685)

 Heat of vaporization simulated fuel 
 Heat of vaporization


reference fuel 

 IVOsimulation  IVOideal ( 0.0018)  EVOsimulation  EVOideal ( 0.0094)
CR ( 0.1947 ) [Spark timing BTC]( 0)

Means that Eqn. 4.3 reduces to ,
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( 0.0044)

[4.4]

engine 

1
( 0.9685)


 LHVsimulated fuel 

(LHVsim_fuel )   X  



 LHVreference fuel 

[4.5]

Rearranging the terms results in

engine 

1
( 0.9685)


 LHVsimulated fuel 
LHVsimulated fuel  




LHV


X


reference fuel



LHVreference fuel  
 
 LHVreference fuel 





engine 

[4.6]

1
(0.0315)

  LHV




simulated fuel

 LHVreference fuel    

  LHVreference fuel 
 




[4.7]

If the previous calculations are performed for pure ethanol as the simulated fuel and pure
gasoline as a reference fuel then

 LHVsimulated fuel 


 LHVreference fuel 

(0.0315)

 (0.61) (0.0315)  0.9845
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[4.8]

Therefore, in this case the efficiency will be affected by a factor 1/0.9854. This means the
efficiency of the engine increases by a factor 0.0148 if pure ethanol is used instead of
pure gasoline. To understand why the performance evaluation based on mass is incorrect
and on energy correct, Figures 4.1 and 4.3 and Eqn. 4.8 need to be considered. Figures
4.1 and 4.3 indicate that if 85% ethanol is used instead of 10% ethanol then BSFC
increases by 40% or a factor of 0.4, and at the same time Eqn. 4.8 shows that the
efficiency of the engine increases by a factor of 0.0148 or approximately 1.5%.
All interested readers should refer to the Excel workbook in the MTU/ethanol directory
for the plots of BSFC and other variables at each load point. The graphical comparison
between the fitted and simulated values of BSFC can also be referred from the same
workbook.
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Chapter 5 Conclusions and Recommendations
5.1 Summary
The current study was performed using GT-POWER and a combustion compound model.
It should be noted that any software used for modeling studies does a poor job of
capturing transients and discontinuities, especially when predicting stochastic engine
operation. However, based on the current study, the effects of compression ratio, ethanol,
and VVT on engine performance parameters like BSFC, knock intensity, volumetric
efficiency, PMEP and residual gas fraction can be well understood using the results of the
simulations.

The five point optimization can be used to determine if increases in

compression ratio or ethanol content will be effective.

The objective of the current study was to observe the trends of BSFC with variations in
ethanol content, compression ratio, and VVT, and give possible explanations for the
observed trends. The following conclusions can be drawn from the current study. It is
theoretically advisable to use a higher compression ratio to improve engine efficiency,
but a detailed study might show insufficient improvement in engine efficiency with
compression ratio. In the same way, there may be some unexpected occurrences with
ethanol addition in the reference fuel, and hence advantages and disadvantages of these
performance improvement strategies should be analyzed in detail before implementing
them in engines. The functions fitted to BSFC at each zone/operating point will make it
possible to use these results in mathematical models in future studies.
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5.2 Conclusions
1) An increase in compression ratio results in a reduction in the BSFC due to an
increase in thermodynamic efficiency, but there is little to no improvement in
engine efficiency with an increase in compression ratio at low loads.
2) A higher compression ratio makes the useful VVT range narrower, and hence
possible improvements in engine efficiency with use of wider a VVT range may
be offset. For example, at a compression ratio of 17 almost the entire VVT range
becomes ineffective and inoperable due to knock constraints, whereas at a
compression ratio 11.9 the engine may run within acceptable knock limits for
most of the VVT range.
3) Ethanol addition in the reference fuel increases the BSFC.

This is because

ethanol has a lower LHV, which requires more fuel to be injected to achieve the
same torque.
4) Ethanol addition increases volumetric efficiency. This effect is caused by the
higher heat of vaporization of ethanol fuel, which cools the incoming air due to
heat transfer between the air and fuel.
5) In almost all cases, an early intake valve opening appears to be beneficial from an
optimization of BSFC perspective, but early intake valve opening also increases
the residual gas fraction, which can be detrimental to engine operation because of
increased variability of the residual gas fraction.
6) The optimum EMOP depends on the trade-off between blow down gain and
expansion work loss. This trade-off point changes with load and is not constant
for the entire range of engine operation.
7) Though ethanol addition increases BSFC it affects the efficiency of the engine by
a small but negligible amount and in some cases it actually increases efficiency
instead of lowering it.
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5.3 Future Work
The current study is innovative and reliable as the trends observed are sensible and in
accordance with the literature. Nevertheless, there are possible improvements in the
current study.

5.3.1 Model Improvements
1) The current model was built for the LAF engine and the burn duration correlation
is valid only for this engine. As the engine to be analyzed changes, the burn
duration correlations change, which makes it difficult to use the model as a truly
predictive tool. Further analysis of combustion with CFD tools, chemical kinetics
studies, and physical understanding of engine behavior to different operating
variables might make the model truly predictive in nature, it can then be used with
any engine model to acquire reliable results.
2) The GT-POWER knock model used in this particular study was formulated in
1978 and there has been much research conducted on knock since this time.
Therefore a user-built model of knock can be used for better knock prediction.
3) The current model has no capability of analyzing transient response like cold
start. A future modification can be performed to make the model capable of
performing cold start studies.
4) Assembly of an entire integrated vehicle study with engine, powertrain, brakes,
cooling and lubrication systems, different platforms in GT-POWER can be used.
The vehicle model thus built can be run with different test cycles FTP or USDS
for more real world modeling of the phenomenon.
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5.3.2 Other Improvements
The use of a software in the loop system can be the greatest improvement to producing
reliable and fast optimization results. Software in the loop systems are used in large
industries and have proven to be effective. There are many algorithms on the market that
have been developed for software in the loop optimization and the process can be
automated.

With such optimization techniques, engine studies will be less time

consuming and laborious.
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Appendix A Slign calculations

Updated laminar flame speed calculations at Ignition point (slign)
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Appendix B SlCA50 calculations

Updated laminar flame speed calculations at Ignition point (slCA50)
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Appendix C Knock model calibration at part load
condition with EMOP= -97 and IMOP= 120

Experimental knock intensity variation with CA50

Simulated knock index variation with CA50
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Appendix D Knock model calibration at part load
condition with EMOP= -87 and IMOP= 120

Experimental knock intensity variation with CA50

Simulated knock index variation with CA50
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Appendix E Knock model calibration at part load
condition with EMOP= -84 and IMOP= 120

Experimental knock intensity variation with CA50

Simulated knock index variation with CA50
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Appendix F hign calculations

Updated clearance height calculations at ignition point (hign)
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Appendix G hign calculations

Updated clearance height calculations at ignition point (hCA50)
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