EFFECTS OF LOW-CETANE FUELS IN COMPRESSION IGNITION ENGINES

MAXIM MICHAEL JARMOLUK

A thesis submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE IN MECHANICAL ENGINEERING

2026

Oakland University
Rochester, Michigan

Thesis Advisory Committee:

Dan DelVescovo, Ph.D., Chair
Marco Gerini-Romagnoli, Ph.D.
Yongsoon Yoon, Ph.D.

Michael Tess, Ph.D.

Joshua Piehl, Ph.D.

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.
OPSEC# 10419



© by Maxim Michael Jarmoluk, 2026

All rights reserved

il
DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.
OPSEC# 10419



EFFECTS OF LOW-CETANE FUELS IN COMPRESSION IGNITION ENGINES

MAXIM MICHAEL JARMOLUK

ADVISOR: DAN DELVESCOVO

Abstract

The U.S. Army requires blended fuels to have a cetane rating of at least 40, but
sustainable aviation fuels (SAFs) have very low cetane numbers (DCN ~15), causing
delayed combustion. While the link between altered combustion and engine wear is

known, this thesis directly correlates low-cetane fuels with specific durability indicators.

A CI V8 engine was tested with a baseline fuel (DCN 43.7) and two low-cetane
fuels (DCN 34.8, 29.8) across 19 operating conditions. Peak pressure, pressure rise rate,

and crankshaft twist were synthesized into a novel Composite Durability Indicator (CDI).

CDI results show low-cetane fuels increase durability concerns at high- and low-
speed conditions relative to identical conditions at baseline, but these increases only
exceed the maximum baseline concern at high speeds. At high speed, crankshaft twist
was found to bias opposite the direction of rotation, suspected to result from elevated

cylinder pressure during the compression stroke.
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Chapter 1 Introduction

A form of synthetic fuels, sustainable aviation fuels (SAF) are becoming more
prevalent as the aviation industry is moving to reduce emissions. The current most
common form of SAF uses hydro-processed esters and fatty acids (HEFA), such as used
cooking oils, as the feedstock. However, even at full capacity, HEFA-derived fuels could
only meet 13% of the current demand for jet fuel [13]. With demand expected to increase,
an alternative will be needed, and alcohol-to-jet fuel (ATJ) is already filling that gap
worldwide. Advantages of ATJ include the variety of feedstock pathways and the ability
to be blended with conventional jet fuel up to 50%, matching the amount HEFA-derived

fuels may be blended [12].

Synthetic jet fuels are qualified for operation use in U.S. military ground vehicles
on a limited basis. However, fuels consisting of blends of conventional and synthetic jet
fuels must have minimum derived cetane number (DCN) of 40 [23]. Cetane number
measures the propensity of a fuel to auto ignite [22], with a higher cetane number

indicating a greater tendency to do so.

An issue arises with both of these conditions above intervene, that being that ATJ
has a DCN of ~15 [3][52] much lower that permissible for military ground vehicles. The
mandate described above is implemented to prevent low-cetane effects in the military
engines. The main effect of low-cetane combustion is an increase in ignition delay. This
increase in ignition delay results in more fuel being present in the cylinder when

combustion starts. Therefore, as combustion starts there is an increase in pressure rise rate
1
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resulting in a higher peak pressure in the cylinder. This is effect is documented to be most

predominant at low to medium loads [17][20][24].

Separate research has concluded that increases in peak pressure and pressure rise
rate present durability concerns. A increase in pressure and consequently temperature
within the cylinder were found to accelerate cylinder head cracking, specifically in the
valve bridge region [29][30]. Additionally, increases in cylinder pressure were found to
increase the maximum film pressure for piston rings, as well as the asperity contact force
between the piston rings and cylinder wall [31][31]. Both of which may lead to scuffing
of the cylinder wall. Increases in pressure rise rate have been found to increase engine
vibration as well as piston slap [35]. In addition, excessive piston slap and the resulting
cylinder liner vibration has been found to cause cavitation in diesel engines with wet

cylinder liner configurations [36][37][38][39][38][39].

Continuing, peak pressure and pressure rise rate have been found to cause
additional secondary effects of ignition delay which are cause for durability concern.
Increases in both peak pressure and pressure rise rate were found to increase crankshaft
torsion [40], which has been thoroughly studied for the purpose of mitigating
[41][42][43]. This is because crankshaft torsion, along with crankshaft bending, having
been found to be the main causes of fatigue failure in crankshafts [44][45][48]. More
specifically, models for determining fatigue life of crankshafts effectively model real
conditions when incorporating both the maximum torsional stress and cyclic torsional

strain range [46]. Additionally, crankshaft torsion is not constant for all engine speeds

2
DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.
OPSEC# 10419



and, as expected, increases as the torsional vibration of the crankshaft approaches the
resonant frequency of the crankshaft [27][50], adding another region that may be

exaggerated by low-cetane fuels.

With the listed possible ramifications of using low-cetane fuels, it is necessary to
fully understand their durability impact for military ground vehicles as well as directly
link low-cetane effects to possible durability concerns. This was done through the
instrumentation of a compression ignition V8 engine to observe cylinder pressure and
crankshaft twist. This engine was run on three fuels ranging in DCN from 43.7 to 29.8 at
19 different operating conditions, ranging in speed and load. The process for analyzing

the collected data is outlined in the following paragraphs.

The decision of what metrics to be used to indicate durability effects was guided
by literature, including the reasoning provided above. Wear indicators chosen include
peak pressure, pressure rise rate, and three crankshaft twist metrics including absolute
twist, peak-to-peak twist, and rate of crankshaft twist. The inclusion of the crankshaft
twist metrics and observing the low-cetane effects is a major contribution of this research.
Each metric was analyzed independently to observe the effects of the low-cetane fuels
when compared to the baseline. To better understand the effects, a three-tiered
normalization strategy was used to provide three different comparisons of the fuels for
each metric. Additionally, specific phenomenon regarding the crankshaft twist metrics
were investigated. Specifically, the tendency for absolute twist to bias in the direction

opposite of crank rotation as with low-cetane fuels at high-speed conditions.

3
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With all metrics analyzed, they were combined in a Composite Durability

Indicator to provide a comprehensive determination of wear.
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Chapter 2 Literature Review

2.1 Introduction to Synthetic Fuels

Synthetic fuels are chemically synthesized fuels designed to mimic the physical
and chemical properties of traditional fossil fuels [1] [2][4][5]. It is difficult to establish
exclusive groups for synthetic fuels, as they can vary in production process, feedstock,
application, sustainability, and chemical composition. However, generally, synthetic fuels
are grouped based upon the feedstock used. This results in four groups of fuels, biofuels,

hydrogen fuels, power-to-liquid (PtL) fuels, and gas-to-liquid (GtL) fuels [1].

While a range of synthesis methods exist, the Fischer—Tropsch process remains
the most established for producing aviation-grade hydrocarbons due to its flexibility in

feedstocks and high-quality fuel output [1].

2.2 Production of Synthetic Fuels with Fischer-Tropsch Process

Synthetic fuels were first developed in Germany by Friedrich Bergius in the early
20" century, and later the process was improved on with the well-known Fischer-Tropsch
process, developed in 1925 by Franz Fischer and Hans Tropsch [6]. The FT process can
be used to produce variety of liquid hydrocarbons, such as gasoline, diesel, and jet fuel,
through a chemical reaction with hydrogen and carbon monoxide, utilizing variety of
feedstocks, including natural gas, coal, syngas, or biomass [7][8]. The FT process uses a
catalyst, typically iron or cobalt, to facilitate the reaction between hydrogen and carbon
monoxide in a high temperature and pressure reactor [9]. The liquid hydrocarbon and

5
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molecular structure produced depends on the specific conditions used. Figure 1 below
illustrates the FT process with the input being syngas with Equation 1 above it being the
overall equation for the FT process [1], where n is the number of carbon atoms in the

resulting hydrocarbon.

Tle +nCO - CnH(2n+2) +nH20 [1]
(Neutralises harmful (Removes additional
components) sulphur)

Purification

(Fe203 + Na2CO3) Compressor

Catalytic

chamber
(Co + ThO2 +
MgO)

FT slurry

reactor

(Fractional Column &
Cracking)

Figure 1: Typical FT Process for FT Diesel Production from Syngas [1]

Synthetic fuels can reduce both the emissions of compression ignition engines and
the dependence on fossil fuels [10]. Specifically, synthetic fuels significantly reduce
sulfur as a byproduct of combustion, when compared to conventional diesel fuel. The
sulfur content can vary based on the feedstock used [10][11]. This has led to synthetic

fuels being a very attractive option for alternative fuels.
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2.3 Sustainable Aviation Fuels

Aviation accounts for 2% of all carbon dioxide (CO2) emissions and 12% of CO
emissions from transportation. The International Civil Aviation Organization’s Carbon
Offsetting and Reduction Scheme for International Aviation (CORSIA) has regulated net
CO; aviation emissions to 2020 levels through 2035. Additionally, the international
aviation industry has set a goal of reaching net-zero carbon emissions by 2050 [12]. To
reach these goals, more emission-compliant fuels will need to be produced and used for

general aviation.

Sustainable aviation fuel (SAF) is a synthetic fuel made from non-petroleum
feedstocks and are vital for reducing the emissions of air transportation. SAFs are a
reasonable replacement for conventional jet fuels as they can be blended and used in
existing aircraft and infrastructure. Limitations exist for the blending of SAFs with
conventional jet fuels at a variety of levels, ranging from 10% to 50%, depending on the

feedstock [12].

2.3.1 Alcohol-to-Jet SAF

With the push for more sustainable aviation fuels, Alcohol-to-Jet (ATJ) has
emerged as a promising alternative. The current most common type of SAF uses hydro
processed esters and fatty acids (HEFA), such as used cooking oils, as the feedstock.
However, even at full capacity, HEFA-derived fuels could only meet 13% of the current
demand for jet fuel [13]. With demand expected to increase, an alternative will be needed

and AT is already filling that gap worldwide. Advantages of ATJ include the variety of
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feedstock pathways and the ability to be blended with conventional jet fuel up to 50%,

matching the amount HEFA-derived fuels may be blended [12]

ATJ’s multiple feedstocks are commonly cellulosic biomass based. For the US
and India, agricultural waste and crop ethanol may be used, while Europe is limited to
strictly agricultural waste as restrictions prevent the use of crop-based ethanol. The ATJ
process, certified under the ASTM D7566 Annex A5 pathway, transforms ethanol from
these feedstocks into high-purity synthetic paraffinic kerosene (SPK), which can be
blended with conventional jet fuels. This process is similar to that for traditional fossil
fuels, including steps such as dehydration, oligomerization, hydrogenation, and
fractionation, and is shown in Figure 2 below. During fractionation, the mixture of

hydrocarbons is separated, SPK and synthetic paraffinic diesel (SPD) [14].

Oligomerization Hydrogenation Fractionation Liquid vields,

vol %
Hydrogen‘ 1.8-2.2 |b/bbl
y feed Q—’ Fuel gas,
— '—“—l renewable LPG
Ethylene 1. |_|’_|'_|""|.[E 0%-negligible

.._.Iml.lhl._l
Renewable By
feedstock -~ !_IﬁLEn—-—» Renewable
(ethanol) _‘.—:‘-.L_l naphtha, 4-9%
——»| | Dehydration ) l—"—' LIE

I
1
i

Y
28-30% water

by-product from I
feedstock C,C.. Bl

Y
i
£

m‘i

—» Renewable jet
(SAF), 41-47%

k

T
E
G

1

: 1 Renewable diesel,
olefins paraffins 10-15%

. Total liquid yields (excluding water), 55-71%
*For SAF production.

Source: Baker & 0'Brien

Figure 2: Simplified ATJ Process-flow Diagram for SAF [15]
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2.4 Implications for Engine Performance with Use of Synthetic Fuels

Other characteristics of synthetic fuels, beyond sulfur content, can differ from
conventional fuels and can be dependent on the feedstock from which the fuel is
synthesized. These characteristics include cetane number, flash point, oxidative stability,
cloud point, and heat content [16]. A reduction in the cetane number of the fuel in
particular has been found to affect combustion performance in compression ignition
engines, as the cetane number measures the ignition quality of a fuel [17][19][20][21].
The cetane number of a fuel is dictated by and proportional to the carbon chain length of
the alkanes present in the fuel [11]. Therefore, longer carbon chain length results in a

lower cetane number, lowering the propensity for the fuel to auto ignite [22].

As stated earlier, the cetane number of the fuel synthesized depends on the
feedstock used. Since the resulting fuels vary in carbon chain length, this results in
synthetic fuels with cetane numbers both greater and less than conventional fuel. The
main limitation of ATJ is the considerably low derived cetane number of ~15 [3][52].
This rating is significantly less than is acceptable, guided by the MIL-DTL-83133 fuel
specification for JP-8 which specifies that finished fuels consisting of conventional and

synthetic jet fuels blends have a minimum derived cetane number (DCN) of 40 [23].

2.4.1 Ignition delay

Ignition delay is defined as the time lag between the start of injection of the fuel
and the beginning of the combustion of the fuel. As expected, since low-cetane fuels have

a lower propensity to combust, low-cetane fuels have been found to increase the ignition
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delay when used, specifically at low to medium load conditions [17][20][24]. This
ignition delay was also found to cause a misfire condition at low speed and low load
conditions [17]. Misfiring was found to be more prevalent when the engine was not fully
warmed up and the ignition delay increased non-linearly as cetane numbers were

reduced, increasing significantly for cetane numbers below 35 [24].

2.4.2 Ramifications of Ignition Delay

Ignition delay affects many metrics, either directly or indirectly, that themselves
may accelerate wear depending on the extent of the change. This section will first discuss
how ignition delay leads to an increase in the variance of both peak pressure and peak
pressure rise rate. Additionally, it will be explored how increases in peak pressure and
peak pressure rise rate themselves cause increased wear. Furthermore, it will be discussed
how increases in peak pressure and peak pressure rise rate themselves excite other
secondary wear causing events. Specifically, increases in crankshaft twist, both absolute

and peak-to-peak, as well as the rate of crankshaft twist will be investigated.

Due to the ignition delay of low-cetane fuels, the pressure within the cylinder is
affected, specifically maximum cylinder pressure and the variance in cylinder pressure
increase due to ignition delay. For low-cetane fuels with long ignition delays, most of the
fuel is injected before ignition begins, resulting in a large pressure rise rate due to the
greater combustion rate. This ultimately increases the maximum pressure within the
cylinder [24]. Regarding reductions in cylinder pressure, causing the increase in the

variance, this can occur for cases with exceptionally large ignition delays. If the fuel
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begins to combust near or after top dead center, the expansion caused by the downward
movement of the piston and subsequent cooling leads to incomplete combustion. For
more extreme cases, the pressure and temperature within the cylinder may reduce to the

extent that ignition will not occur at all, leading to a misfire [24].

As discussed previously, depending on the extent of ignition delay increases due
to low-cetane fuels, peak cylinder pressure may increase or decrease. For the purpose of
determining durability concerns, the effects of increases in peak cylinder pressure will be
discussed. As peak cylinder pressure increases, the temperature within the cylinder will
increase, as dictated by Gay-Lussac’s law [34]. This increase in pressure and temperature
within the cylinder were found to accelerate cylinder head cracking, specifically in the
valve bridge region [29][30]. Additionally, increases in cylinder pressure were found to
increase the maximum film pressure for piston rings, as well as the asperity contact force
between the piston rings and cylinder wall [31]. Both of which may lead to scuffing of
the cylinder wall. As previously discussed, an increase in peak pressure due to a longer
ignition delay is generally accompanied by an increase in pressure rise rate [24].
Increases in pressure rise rate have been found to increase engine vibration as well as
piston slap [35]. In addition, excessive piston slap and the resulting cylinder liner
vibration has been found to cause cavitation in diesel engines with wet cylinder liner

configurations[35][37][38][39].

Continuing with the secondary effects of ignition delay, increases in both peak

pressure and pressure rise rate were found to increase crankshaft torsion [40], which has
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been thoroughly studied for the purpose of mitigating it [41][42][43]. This is because
crankshaft torsion, along with crankshaft bending, having been found to be the main
causes of fatigue failure in crankshafts [44][45][48]. More specifically, models for
determining fatigue life of crankshafts effectively model real conditions when
incorporating both the maximum torsional stress and cyclic torsional strain range
[46][47]. Crankshaft torsion is not constant for all engine speeds and, as expected,
increases as the torsional vibration of the crankshaft approaches the resonant frequency of
the crankshaft [27][50]. The rate at which the crankshaft twists, specifically strain rate, is
not necessarily relevant for the durability of the crankshaft in a stress inducing sense. For
this work, only elastic deformation is expected and due to Hooke’s law [49], stress
amplitude is only dependent on strain amplitude, not strain rate, under elastic
deformation. However, rate of crankshaft twist helps to determine vibration intensity in

the crankshaft, which is amplified at the resonant frequency [50].

2.5 Methods for Mitigation of Low-Cetane Effects on Combustion

As synthetic fuels with varying cetane ratings become more prevalent, extensive
research has been conducted to understand low-cetane fuel behavior and determine

methods to combat the effects [17][18][19][20][24][25].

Beginning with the simplest method, blending low-cetane fuel with higher cetane
fuels was found to be quite effective. With a 25-75 blend of JP-8 jet fuel and low-cetane
synthetic fuels adequately alleviating a majority of low-cetane effects at all high,

medium, and some light load conditions, and a 50-50 blend reasonably alleviating all
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ignition concerns [17]. This method effectively increases the cetane rating of the fuel,
preventing it from inducing low-cetane combustion effects. This strategy may be ideal for
older engines that may be difficult to adjust injection timing, injection amount, or the

number of injections on.

For a more involved method, it has been found that a close-coupled pilot (CCP)
injection can be used to reduce the effects of low-cetane fuels. With proper injection
pressure, injection timing, and CCP parameters, the ignition delay tendencies of a low-
cetane fuel were effectively mitigated, helping to reshape the heat release profile to
mimic that of a higher cetane fuel. The optimized strategy to achieve this outcome
involved adjusting the CCP injection to help match the start of combustion and premixed
peak of higher cetane fuels, while appropriately delaying the main injection event to
match the CA50 timing of higher cetane fuels. This strategy was effective in achieving

similar combustion metrics of a DCN 42 fuel with a DCN 31 fuel [25].
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Chapter 3 Experimental Setup

3.1 Testing Objectives

The objective of this research is to identify concerning engine operating points
when using low-cetane fuels in a representative Army engine under relevant operating
conditions. Metrics used to evaluate these conditions and determine areas of concern
include combustion parameters such as pressure rise rate, peak pressure, as well as
crankshaft twist metrics such as crankshaft twist angle, absolute and peak-to-peak, as
well as the rate of crankshaft twist. These selections are determined to be indicators of
wear as guided by the conclusions reached in previous literature, discussed in section
2.4.2. Although the rate of crankshaft twist is not expected to cause durability concerns
for the crankshaft, considering deformations are only within the elastic range, it is
included due to its ability to communicate the violence of combustion and its effects on

engine components.

3.2 Engine Selection

The Cummins V903 engine was selected as a representative engine. Engine

parameters are shown in Table 1 below.
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Table 1: V903 Engine Parameters

Type 4-stroke; 90° V; 8-cylinder

Aspiration Turbocharge & Aftercooled

Bore & Stroke - in. (mm) 5.50 (140) x 4.75 (121)

Displacement — in? (liter) 903 (14.8)

Compression Ratio 15.5:1

Injection System MUI, electronically controlled supply
pressure

The Cummins V903 was selected as a representative engine due to its use in
numerous vehicles for the Army and its numerous characteristics that make it not ideal
for use with low-cetane fuels. Specifically, lack of feedback control with a MUI, single
injection event, relatively low injection pressure, start of injection is fixed based on
engine load, and end of injection time is fixed by a camshaft. Additionally, this engine
utilizes stepped timing control for injection. In addition to adjusting injection timing
according to the speed and load, all injection timing at low-speed, low-load conditions
are shifted in the advanced direction when compared to high-speed, high-load conditions,
illustrated in The transition between this relatively advanced to relatively retarded shift is
abrupt, taken in one step rather than gradually increasing. This results in conditions just
prior to the step timing to have excessive and audible knock, which drastically reduces
immediately after the step. All these qualities limit the ability to apply the methods for
mitigating low-cetane effects, discussed in section 2.5 Additionally, this engine has the

ability to make the same power rating on a variety of fuels, regardless of volumetric
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energy density. This engine was identical to production engines besides ports for each

cylinder within the cylinder heads to allow for cylinder pressure measurement.

STC demarcation line

[}
3
g
L
Start of injection timing shifts
earlier (advanced)
Engine Speed
Figure 3: Step Timing Control [52]
3.3 Fuels

Three fuels were evaluated throughout testing: Fuel A, Fuel B, and Fuel C, with
derived cetane numbers of 43.7, 34.8, and 29.8 respectively. Fuel A was sourced from
Alon USA, Big Spring, TX, and blended with ATJ-8 to produce Fuel B and C. More

parameters can be found in Table 2 below.
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Table 2: Fuel Properties

(40°C)

Property Units Fuel A Fuel B Fuel C
Derived Cetane
Number (DCN) - - 43.7 34.8 29.8
ASTM D6890
Cetane Index -
- 44.2 44.2 47.1
ASTM D976
Jet A: ATJ-8 100%: 65.4%: 40%:
Vol %
0% 34.6% 60%
Aromatics Vol % 13.9 12.5 8.9
Density (15°C) kg/m’ 837.7 783.7 775.0
Volumetric Energy
MJ/L 53.2 56.2 56.2
Density
Total Sulfur Content ppm 27 39 27
Kinematic Viscosity
mm?/s 1.47 1.17 1.25

3.4 Test points

Each fuel was evaluated at a total of 19 operating points, including 18 steady state
operating points ranging in speed from 800 to 2800 rpm and load from 0% to 100% as
well as a full-load, 800 to 2800 rpm sweep. This range of operating points was chosen to

provide sufficient detail when observing broad trends. Insufficient data was captured to

determine crankshaft twist metrics for Fuel C, this is discussed further in section 5.1.
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3.5 Data acquisition

High-speed and low-speed data were collected to evaluate combustion and
crankshaft twist metrics. Most measurements were conducted at steady-state conditions
with a five-minute stabilization period prior to data acquisition. A diagram of the high-

speed data acquisition setup is provided in Figure 4.

3.5.1 High-Speed Data

High-speed data was captured with the use of a Kistler Kibox Type 2893. Four
cylinders, cylinders 2, 3, 5, and 8, were instrumented with pressure transducers which
were read with Kistler Type 5064C charge amplifiers in the Kibox. The intake manifold
was also instrumented with two pressure transducers for the purpose of cylinder pressure
pegging. Additionally, a Kistler shaft encoder, Type 2614DK, set with a resolution of 0.1
CA was attached to the front of the crankshaft. Furthermore, a magnetic pickup encoder
was attached to the flywheel and read through a Siemens data acquisition system. The
front encoder signal was also fed to the Siemens data acquisition system for the sake of

synchronizing the data from both encoders.

3.5.2 Low-Speed Data

Low-speed data such as additional intake pressure measurements, temperatures,
flow rates, engine speed, and engine torque were read through a NI VeriStand data

acquisition system.

18
DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.
OPSEC# 10419



Rear Front
Engine
Front Type
D Encoder 2614D
yno T Encoder
i Sys.
l T
S ([N P | :
" : :
| Cyl. Pressure : Int. Pressure ! !
| :
Rear : : E i
Encoder Type 5064C | Type 46658 .
- Amp. Amp. ) :
Siemens KiBox |- K i
High Speed ) 1
- High Speed i
! i
: )

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.

Figure 4: High-Speed Data Acquisition Setup
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Chapter 4 Combustion Metrics

4.1 Introduction for All Results

This section provides a roadmap for the results, which are presented across
Chapters 4, 5, and 6. Chapter 4 addresses combustion metrics, Chapter 5 covers
crankshaft twist, and Chapter 6 synthesizes these results into a Composite Durability
Indicator to determine the most concerning conditions. Each section will be analyzed
through the lens of durability, accordingly, a ‘concerning’ case is one that is expected to
result in accelerated wear or damage to engine components, as discussed in section 2.4.2.
To determine concerning cases, three normalization methods will be employed for each
metric; (1) metric normalized to the maximum value for each respective fuel, (2) metric
normalized to the corresponding Fuel A value on a case-by-case basis, and (3) metric
normalized to the maximum Fuel A value across all conditions. These normalizations
were selected to highlight different aspects of low-cetane effects. Values obtained from
the third method will also be used in the Composite Durability Indicator. Descriptions,
analytical purposes, and example insights are provided in Table 3 below. This three-tiered
analysis will be consistent with all metrics analyzed. Regarding presentation, intra-fuel
normalization is intentionally on a blue scale to not mistakenly convey concerns, merely
trends. However, inter-fuel relative and global normalization methods are displayed on a
scale from green to red, intuitively displaying least concerning and most concerning cases

respectively.
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Table 3: Normalization Methods Utilized Throughout Results

Method Description Analytical Purpose Example Insight
o Confirms that peak
Each data point is )
led to th pressure is
B normalized to the
Intra-Fuel ‘ To isolate and compare | correlated with
o absolute maximum
Normalization the fundamental trends | load for all fuels,
values recorded for
regardless of cetane
that same fuel i
rating
Shows that peak
Data points are pressures with Fuel
Inter-Fuel _ ‘
normalized to the To quantify the are affected by
Relative values of Fuel A at relative deviation from | cetane rating across
Normalization | the exact same the Fuel A all conditions,
operating conditions maximally at low
speeds
o Although Fuel C
o To determine if a ‘
Each data point is ‘ ‘ pressures increase
_ change in cetane rating
Inter-Fuel normalized to the everywhere, they
ol absol creates a new "worst- | Fuel
single absolute . only surpass Fue
Global . case" scenario that
maximum value . A's overall
Normalization exceeds the baseline's

observed in Fuel A

across all points

known maximum and

provide perspective

maximum at high
speed and load

conditions
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4.2 Combustion Metrics Overview

This chapter discusses the ignition delay, cylinder pressure, and cylinder pressure
rise rate observed across all fuels tested. Ignition delay is discussed to display that low-
cetane fuel effects are present, while cylinder pressure and cylinder pressure rise rate are
discussed due to their effects on durability, discussed in section 2.4.2. Methods for

processing data and performing the relevant calculations are also presented.

4.3 Ignition Delay

As discussed previously, lower cetane fuels are known to increase ignition delay.
The ignition delay for each fuel was determined with methods described in the following
section, with results presented later. The results presented are intended solely to
demonstrate the presence of low-cetane fuel effects and to support the subsequent
analysis used to assess the durability implications of low-cetane fuel. Results are
presented as ignition delay with respect to crank position as well as ignition delay with

respect to time.

4.3.1 Ignition Delay Determination

To obtain an ignition delay value, inherently, start of injection (SOI) and start of
combustion (SOC) must be determined. Typically, SOI is given through means of
recording the SOI command to the injector or placement of a strain gauge on the injector
rocker arm for electronic or mechanical injections respectively. For this research, neither
of these methods were employed and subsequently, SOI must be determined from

collected data. Specifically, SOI was determined with the use of the apparent heat release
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rate (AHRR) trace with an example presented in Figure 5. AHRR was calculated using
single-zone analysis, shown in [2 below, with n, P, V, and 6 being the polytropic index,
pressure, cylinder volume, and crank angle respectively. The pressure used was processed
with the method shown in section 4.4.1. Additionally, the volume was calculated using an
adjusted compression ratio (CR) value. This adjusted CR value of 14.5 was chosen due it
providing a more linear increase of pressure with respect to volume during the

compression stroke of the logarithm pressure versus volume plot compared to the original

CR value of 15.5.

AHRR = — PdV+ 1 VdP
T n—1 dé n-—-1 do 2]

Equation 2 above was numerically implemented to determine the apparent heat
release rate for each cycle. The value of n for each cycle was determined with a linear
regression of the logarithm of processed pressure versus the logarithm of volume trace
with pressure and volume values from -45° CA up to -20° CA. A relatively smaller
window was chosen to provide a more accurate n value for the region of interest, that
being near TDC. Considering that during polytropic compression the value of n is not
constant, as it accounts for heat transfer, fitting to a CA region closer to the region of
interest will provide a more accurate value. This provided an AHRR trace such as shown

below.
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Figure 5: SOI Determination with AHRR, Fuel A at 800 rpm, 0% Load
SOI was designated as the first noticeable deviation from the constant negative
slope the AHRR during compression. This reduction in slope signifies the absorption of
heat due to the evaporative cooling effect of the injected fuel. This method was utilized
for all cases and provided consistent results when comparing identical operating

conditions across all three fuels.

Following SOI determination, the SOC was determined. Considering there are
many methods for determining start of combustion (SOC) and subsequently ignition
delay for a CI engines, ranging from the maxima of the second or third derivatives of
cylinder pressure with respect to crank angle or the zero crossing point (from negative to

positive) of the AHRR [32], it is important to clearly state the method used for SOC
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determination. In this thesis, SOC was determined with the use of a modified version of
the pressure recovery method proposed by Groendyk and Rothamer [32]. The pressure
recovery method was chosen due to its robustness and resilience to in-cylinder pressure
oscillations which are common with low-cetane fuels. Additionally, this method does not
require the use of the second or third derivative of cylinder pressure, which may be
significantly affected by the filtering method. Modifications to the original pressure

recovery method will be discussed later.

To begin SOC determination with the modified pressure recovery method, an
accurate reference motored pressure trace was calculated. The reference motored pressure
trace used for each case was approximated as a polytropic process with Equation 3 below.
Pressure values used were processed with the method provided in 4.4.1 and volume

values were calculated with the adjusted CR value, discussed previously.

PV™ = Constant [3]
The exponent, n, is the polytropic exponent or polytropic index [51], and was

determined with a linear regression of the logarithm of pressure versus the logarithm of
volume trace. Again, pressure and volume values from -45° CA up to -20° CA were used
and provided close agreement in the desired regions. Temporarily, the motored trace was
fit to pressure and volume values from -110° CA to -20° CA to observe how the fitting
region affected SOC determination, and it was found that SOC remained consistent when
fitting to either region. This can be seen in Figure 6 below. Presented are identical cases,

only differing in the region from which the motored pressure was fit.
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Figure 6: Comparison of Motored Pressure Fit Regions, Fuel A at 800 rpm, 0% Load

For the motored pressure trace fit from -110° CA to -20° CA, shown on the
bottom, the measured pressure dips below the motored pressure much earlier than the -
45° CA to -20° CA fit. This is not necessarily obvious, however, the change in calculated
n shows there is a difference. The cause for this discrepancy is identical to the reasoning
provided previously when discussing the AHRR calculation and obtaining an accurate n
value. Considering that during polytropic compression the value of n is not constant,
differing results from the two fitting regions are due to -45° CA to -20° CA providing a
more accurate y value for near SOI and SOC events when compared to the y determined

from -110° CA to -20° CA. Accordingly, the region of fit was kept narrow at -45° CA to
26
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20° CA and provided consistent and reasonable results when comparing the three fuels,
as seen later in Figure 9. With an accurate referenced motored pressure calculated, SOC
could then be calculated. An illustration of the method used to calculate SOC is provided

in Figure 7 below.

Cylinder Pressure Trace
Fuel A, Speed: 800rpm, Load: 0%

0.3 - . .
™ Measured Pressure = 8
f_Eﬁ = = = *Motoring Pressure W L |
202t -
2

=

m

w

Do . , i , : | . . i
(a

-30 -25 -20 -15 -10 -5 0 5 10
Crank Angle []
Pressure Difference (Measured - Motoring)
0.04 F T T T T = T T y __-‘-“ll-;
0.02 .

AP [Normalized]

-30 -25 -20 -15 -10 -5 0 5 10
Crank Angle [?]

Figure 7: Determination of SOI and SOC with Modified Pressure Recovery Method, Fuel A at 800 rpm, 0% Load

As shown above, to determine SOC, the reference motored pressure was
subtracted from the measured cylinder pressure to provide a AP curve, shown on the
bottom of the figure. As stated previously, the original pressure recovery method’s SOC
definition was modified. Specifically, start of combustion (SOC) was redefined as the
point at which pressure begins to recover rather than the point at which pressure does
recover to a referenced motored value, minimum AP rather than AP = 0. Groendyk and
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Rothamer [32] suggest the AP = 0 point to signify pressure overcoming the pressure
reduction due to evaporative cooling and beginning to rise, indicating energy release due
to combustion. However, the data presented shows that the pressure begins to rise before
overcoming the reduction in pressure due to evaporative cooling. Of the two parameters,
pressure beginning to rise was thought to be a more significant indicator of energy
release, compared to pressure recovering. As such, the requirement for pressure to
recover was omitted, resulting in the sole indicator of SOC being pressure beginning to
rise, minimum AP. Using this adjusted method, SOC was first determined in terms of
crank angle. This definition was found to closely align with the SOC determined with the
AHRR zero crossing point method, another common SOC determination method, as

shown in Figure 8 below.
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Figure 8: AHRR with SOI and SOC, Fuel A at 800 rpm, 0% Load
In addition to aligning with the AHRR zero-crossing point, SOC results were
found to be reasonable when observing pressure traces with the SOI and SOC overlayed.

A comparison of pressure traces for the three fuels tested is presented in Figure 9 below.
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Figure 9: Comparison of Determined SOI and SOC Across Fuels, 2000 rpm, 50% Load, (Blue: Measured Pressure,
Red: Motored Pressure)

With SOC and SOI determined for each cycle, the ignition delay in terms of crank
angle could be determined by simply subtracting the SOI value from the SOC value. To
determine the time ignition delay, the indices of SOI and SOC were used with a

calculated time array for each cycle, discussed in the following paragraph, to determine
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SOI and SOC occurrences in time. Ignition delay in terms of time could then be

calculated by subtracting the SOI time from the SOC time.

To obtain a time array with the same angular resolution as the crank angle encoder
(3600 samples per revolution, corresponding to 0.1° CA), the lower-resolution time array
provided by the high-speed data acquisition system (360 samples per revolution, time
measurement every 1° CA) was interpolated. Interpolation was performed in MATLAB
using the built-in interpl function with piecewise cubic Hermite interpolating polynomial
(PCHIP) interpolation, increasing the resolution of the time array from one time
measurement per crank angle degree to one measurement per 0.1° CA. This interpolation
was done for each cycle to account for fluctuations in engine speed between and

throughout cycles.

4.3.2 Ignition Delay Results

Ignition delay values were calculated for all cases. The results presented here are
intended solely to demonstrate the presence of low-cetane fuel effects and to support the
subsequent analysis used to assess the durability concerns of low-cetane fuel. Ignition
delay values will not be used in the Composite Durability Indicator as it is the
consequences of ignition delay that affect durability, not necessarily the ignition delay
itself. Results are presented using the three normalization methods previously discussed:
(1) time and crank angle ignition delay normalized to the maximum value for each
respective fuel, (2) time ignition delay normalized to the corresponding Fuel A value on a

case-by-case basis, and (3) time ignition delay normalized to the maximum Fuel A value.
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Beginning with intra-fuel normalization, results for ignition delay with respect to

time are presented below.
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Figure 10: Time Ignition Delay, Normalized to Max. of Respective Fuel

Figure 10 above displays ignition delay values, originally in time (ms),
normalized to the maximum value of the respective fuel. As such, values range from 0%
to 100%, with dark to light blue cell colors respectively. This is intended to investigate
how the trends of ignition delay, specifically the relationship between ignition delay
extent and speed and load, change as the cetane rating is lowered. As expected, the time
ignition delay is inversely proportional to the engine speed. This is a result of higher
engine speeds inherently resulting in less time per cycle. This causes time ignition delay
results to be somewhat blurred due to their dependence on engine speed. To remove the
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time dependency of ignition delay, a similar set of tables is presented in Figure 11 below,

except with ignition delay in terms of normalized crank angle delay.
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Figure 11:Crank Angle Ignition Delay, Normalize to Max. of Respective Fuel

Figure 11 above is provided to be used in the same manner as Figure 10
previously. That is to see how the relationship between ignition delay and speed and load
changes as the cetane rating is lowered. Figure 11 values were originally with respect to
crank angle (°) but have been normalized to maximum value of the respective fuel. From
both figures, it can be concluded that lowering the cetane rating does not significantly
change the relationship of ignition delay with speed and load, for both delays with respect
to time or crank angle. That is, the greatest ignition delay in time occurs at low-speed

high-load conditions, while the greatest ignition delay with respect to crank angle
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position occurs at high-speed part-load conditions, regardless of cetane rating. The

increase in crank angle ignition delay at high-speed conditions is suspected to be caused

by an earlier SOI, not necessarily a later SOC.

Next, changes in values when compared to Fuel A on a case-by-case basis will be

investigated. This is intended to communicate what operating conditions present more of

a concern when compared to their Fuel A counterparts. First, the change in time ignition

delay as cetane rating was lowered will be analyzed, shown below, followed by the

change in crank angle ignition delay with a decrease in cetane rating.
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Figure 12: Change in Time Ignition Delay When Compared to Fuel A
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Equation 4 defines the normalization procedure for more clarity. This normalizing
procedure helps to remove dependence on speed and communicate the greatest changes

due to the lowering of cetane rating.

Fuel B Time IDSpeed(i),Load(j)

Fuel B ATime IDspecai),Load(j) = Fuel A Time Dyypoas - [4]

Figure 12 above shows the percentage change in time ignition delay for Fuels B
and C relative to Fuel A. Percentage values were calculated by normalizing the ignition
delay at each engine speed and load condition to the corresponding value for Fuel A,
hence, all Fuel A values are 100%. This communicates how time ignition delay is
affected across the operating conditions, with darker red indicating values greater than
100% and, if there were any cases fitting the criteria, green would indicate values less
than 100% of the Fuel A value. Across all operating conditions, time ignition delay
increases as cetane rating is lowered. Interestingly, the greatest increases in time ignition
delay, apart from the expected low-speed low-load condition, occur relatively higher
speed and load conditions. Specifically, 2000 rpm, 50% and 100% load. These appear to
be notable points for only Fuel C although Fuel B changes are slightly elevated in this

region.

The effects on crank angle ignition delay are very similar to the effects on time
ignition delay, as seen below in Figure 13. Results are expected to be similar as they are

inherently measuring the same process.
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Figure 13: Change in CA Ignition Delay when Compared to Fuel A

From above, the trend of delay increasing across all conditions for crank angle
ignition delay is shared as well as the 2000 RPM, 50% and 100% load points of concern
for Fuel C. The minimal increase of Fuel B values at high-speed, high-load conditions is
somewhat expected as previous research shows that low-cetane effects tend to reduce at

these conditions [17][20][24].

Continuing to the next normalization method, Figure 14 and Figure 15 below
provide time and crank angle ignition delay values normalized to the respective
maximum ignition delay values for Fuel A. This is intended to determine if the changes
presented prior are large enough to exceed the global maximum value of Fuel A. This

will communicate conditions that present a concern that exceeds that of the maximum
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concern presented by Fuel A. This method will be more applicable when used later for

peak pressure, peak pressure rise rate, and crankshaft twist values.
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Figure 14: Time Ignition Delay Normalized to Max. Time Ignition Delay of Fuel A

0.8

From above, values of time ignition delay only exceed the maximum time ignition

delay from Fuel A at the lowest speed and high load condition. This is expected

considering trends from Figure 10 show time ignition delay is greatest at this operating

point as well as Figure 11 displayed that time ignition delay increased across all operating

conditions. Partially removing the dependency on engine speed inherent with time

ignition delay by looking at crank angle ignition delay provides Figure 15 below.
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Figure 15: CA Ignition Delay Normalized to Max. CA Ignition Delay of Fuel A

From Figure 15 above, a number of conditions have crank angle ignition delay
values that do exceed the maximum crank angle ignition delay present for Fuel A.
However, these values are centered around high-speed, low-load conditions, contrary to
results from Figure 14. The location of these values is expected considering trends from
Figure 11 show crank angle ignition delay is greatest in this region as well as Figure 13
which shows that crank angle ignition delay increases across all operating conditions.
Additionally, of the two points of extremely large increases in ignition delay, 2000 rpm at
50% and 100% load, only the 50% load cases exceeds the maximum ignition delay

present for all of Fuel A. This suggests that the 2000 rpm, 50% load case presents more
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of a concern, additionally, it will prove to be notable when analyzing peak pressure and

peak pressure rise rate in the following sections.

From the results shown, it is concluded that lowering the cetane rating of the fuel
did cause an increase in ignition delay, both with respect to time and crank angle.
However, these changes did not change the fundamental relationship of ignition delay
with speed and load. Both metrics increased across all operating conditions, but the
locations of greatest increase differed. Time ignition delay showed the greatest increase at
low speeds while crank angle ignition delay showed the greatest increase at higher
speeds. Additionally, Fuel B and C ignition delay values did exceed the global maximum
values present for Fuel A at certain conditions. Specifically, 2000 rpm at 50% load
displayed excessive ignition delay. With the conclusions regarding how ignition delay is
affected, presented above, it can be concluded that an increase in ignition delay, a typical
low-cetane effect, is present. Therefore, the following analysis is valid for determining

the effects of low-cetane fuels on other metrics.

4.4 Cylinder Pressure

Cylinder pressures were collected from four of the eight cylinders, specifically
cylinders 2, 3, 5, and 8. This section will discuss the processing methods as well as

notable results with regards to low-cetane effects.

4.4.1 Cylinder Pressure Processing

Cylinder pressures were collected from four cylinders and processed to be used in

analysis. This section will discuss the pegging and filtering methods utilized.
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Cylinder pressures were pegged using the thermodynamic pegging method in the
KiBox software during cylinder pressure data acquisition. Additionally, the crank angle
offset was adjusted such that the logarithm of cylinder pressure versus the logarithm of
cylinder volume curve, measured during a hot motoring condition, exhibited a sharp cusp

at TDC, indicating correct TDC phasing.

As the filtering method used will significantly affect the observed cylinder
pressure and pressure rise rate discussed in the subsequent section, it is essential to
include the filtering method employed. All cylinder pressure data was filtered using a
Butterworth low-pass filter with a cutoff frequency of 4000 Hz and an order of four,
applied using zero-phase forward-backward filtering. It should be noted that a forward-
backward filtering effectively doubles the filtering order, resulting in 8" order filtering. A
Butterworth filter was selected due to its maximally flat frequency response in the
passband. This results in uniform attenuation across the passband prior to the cutoff
frequency and minimizing induced ripple from the filtering method. The cutoff frequency
was iteratively determined by visually comparing raw and filtered pressure traces to
ensure that the overall shape, peak pressure magnitude, and timing of the pressure trace
were preserved. A cutoff frequency of 4000 Hz was found to sufficiently attenuate high-
frequency oscillations, primarily associated with pressure transducer dynamics and
mechanical vibrations, while retaining the characteristic features of the combustion

pressure trace.
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4.4.2 Cylinder Pressure Results

As with every metric discussed in the following sections, cylinder pressure results
will be analyzed through a lens of durability. Accordingly, the average peak pressure will
be the main discussion of this section. Values shown represent the average peak pressure
observed across all cycles recorded for a given operating condition. Analysis will follow
the same format as shown in the ignition delay section. That being with three
normalization methods: (1) normalizing to the maximum of each respective fuel, (2)
normalizing on a case-by-case basis, (3) normalizing to the maximum value from Fuel A.
The coefficient of cylinder pressure variance will also be included for completeness and

to display additional effects of low-cetane fuels.

To begin determining low-cetane fuels’ effects on average peak pressure, first the
trends of average peak pressure with respect to speed and load will be determined from

Figure 16 below.
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Figure 16: Avg. Peak Pressure Trends, Normalized to Max. of Respective Fuel

Figure 16 illustrates the average peak cylinder pressure for each fuel under
various speed and load conditions. The value in each cell represents the average pressure
recorded across all cycles and cylinders for a specific operating point. To facilitate a
direct comparison of trends, each cell value was normalized to the single greatest average

peak pressure achieved across all cases for their respective fuel.

The primary observation is a strong, positive correlation between peak cylinder
pressure and both engine speed and load. This trend was exhibited consistently by all
tested fuels, with the highest pressures occurring at the maximum speed and load
condition and the lowest at idle. More significantly, the uniformity of this trend indicates

that the expected increases of average peak pressure at low-speed, low-load conditions
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due to low-cetane fuels [17][20][24] do not fundamentally affect the relationship between
engine operating conditions and peak cylinder pressure. While the absolute pressure
values do vary, as shown in subsequent analysis, the shape of the pressure response

across the engine map remains unchanged.

To now understand how low-cetane fuels affect peak cylinder pressure at varying
operating conditions, the change in peak cylinder pressures when compared to Fuel A are

presented in Figure 17 below.
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Figure 17: Changes in Avg. Peak Pressure When Compared to Fuel A

Figure 17 above displays how peak cylinder pressure is affected across operating
conditions when compared to Fuel A values. Red indicates values greater than 100% of
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the Fuel A values and green indicates values less than 100% of the Fuel A values.
Although increases in peak pressure occur at most conditions, the greatest increases of
peak cylinder pressure were centered around low-speed, part-load conditions. This is
consistent between Fuel B and C, with Fuel C exhibiting the largest increases. From this,
it can be concluded that the durability concern is increased across most regions when
reducing the cetane rating, especially at low-speed, part-load conditions when comparing
identical operating conditions. Peak cylinder pressure is minimally increased at high-
speed conditions for both Fuel B and C as expected [17][20][24]. Interestingly, Fuel C
displays a large reduction in peak pressure at 2000 RPM, 50% load that is not shown in
Fuel B. The suspected cause of this is the excessive ignition delay at this specific point

when referring to Figure 13 previously displayed, included below for convenience.
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Figure 13: Change in CA Ignition Delay when Compared to Fuel A

The 2000 RPM, 50% load case for Fuel C had an exceptionally long crank angle
ignition delay, specifically 216% of that calculated for the same case with Fuel A. This
larger ignition delays caused SOC to not occur until just before TDC, resulting in reduced
peak pressure. Interestingly, Fuel C displayed a 0.3% increase in torque compared to Fuel
A at this point, while Fuel B showed a 2.2% increase in torque. Changes in peak pressure
are shown in the pressure trace comparison of all fuels for this case in Figure 18 below.
Results in Figure 18 exemplify the phenomenon, previously discussed in section 2.4.2,
that increasing ignition delay increases peak pressure to an extent, beyond which, peak

cylinder pressures are reduced.
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Figure 18: Pressure Trace Comparison at 2000 RPM, 50% Load

(Blue: Measured Pressure, Red: Motored Pressure)

Additionally, the 2000 rpm, 100% load case also displays a large increase in
ignition delay compared to its Fuel A counterpart. This increase is ~10% more of a
change than the 50% load case, without a significant reduction in average peak pressure

in Figure 17. Consulting Figure 11, the crank angle ignition delay for the 100% load case
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is only 45% as large as the ignition delay present in the 50% load case. This suggests that

despite a relatively large local increase, the increase in ignition delay at 100% load was

not enough

to reduce peak pressure to the same extent as the 50% load case.

To determine the extent at which peak pressure values were increased, peak

pressure values were normalized to the maximum peak pressure value of Fuel A and are

presented in Figure 19 below. This is intended to display what operating points exceed

the global maximum cylinder pressure of Fuel A, presenting the most concerning

conditions.
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Figure 19: Avg. Peak Pressure Normalized to Max. of Fuel A

From above, peak pressures for Fuel B and C exceed the maximum of Fuel A only

at high-speed, high-load conditions. This is expected after analysis of Figure 16 and
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Figure 17, from which it was concluded that maximum cylinder pressure is proportional
to speed and load, as well as maximum cylinder pressure increases at these specific

conditions with low-cetane fuels respectively.

For a conclusion of peak cylinder pressure results, first it was determined low-
cetane fuels do not affect the relationship between peak pressure and speed and load. All
fuels displayed that peak pressure has a strong positive correlation with both speed and
load regardless of cetane rating. Additionally, peak cylinder pressures tend to increase
across most operating conditions, only decreasing due to excessive ignition delay. This
suggests a local increase in the durability concern. However, these increases in peak
pressure for low-cetane fuels only exceed the maximum peak pressure recorded for Fuel

A at high-speed, high-load cases.

For additional understanding of how peak pressure is affected by low-cetane
fuels, how much the peak cylinder pressure fluctuated for each case will be investigated.
The coefficient of cylinder pressure variance is presented in Figure 20 below and can be

analyzed in conjunction with Figure 17.
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Figure 20: Coefficient of Variance of Peak Pressure

CV values presented are not normalized with respect to each other, and the

gradient spans all three fuels. This displays that the CV tends to marginally increase as

cetane rating is decreased except for select regions. Regions of relatively large increases

in CV include 15% load for Fuel C, spanning from 1500 RPM to 2800 RPM as well as

idle for Fuel C. An increase in CV is expected as increasing ignition delay may increase

or decrease peak pressure, depending on the extent, as shown just prior. To further

understand changes in the coefficient of variance, Figure 17, shown previously, is shown

below for convenience.
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Figure 17: Changes in Avg. Peak Pressure When Compared to Fuel A

Figure 17 above displays the changes in average peak pressure when compared to
Fuel A on a case-by-case basis. Most cases display an increase in average peak pressure
except two notable regions, previously noted from Figure 20. Those regions being 15%
load for Fuel C, spanning from 1500 RPM to 2800 RPM as well as idle for Fuel C. For
the 15% load region of Fuel C, Figure 20 displays a relatively large increase in the CV
when compared to the same region for Fuel A. However, Figure 17 does not display any
outstanding increases in maximum peak pressure in this region, actually slightly the
opposite. This suggests that the elevated CV is not caused by high-magnitude outliers, but
rather by an increased frequency of lower peak pressure cycles, which reduces the mean
while increasing relative variability Peak Cylinder Pressure Rise Rate
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Peak pressure rise rates (PPRR) were calculated both with respect to crank angle
and with respect to time. However, for the purpose of analyzing durability concerns, only
PPRR with respect to time will be discussed. Although results with respect to time are
blurred because of their dependency on engine speed as discussed previously, the
potential for combustion to cause engine damage is a function of its time-based impact.
Therefore, analyzing results in the time domain is critical for durability analysis, as it
directly captures the intensity and violence of the combustion event. This allows for more
effective comparison of durability effects across a range of engine speeds as compared to
a PPRR with respect to crank angle. PPRR will be analyzed using the previously utilized
three normalization method approach. The average PPRR value used for normalization
for a given operating condition and fuel is calculated as the mean of the calculated PPRR

values across all recorded cycles at that condition and fuel.

4.4.3 Cylinder Pressure Rise Rate Determination

Pressure rise rate (PRR) was determined using the gradient function in MATLAB,
which utilizes the central difference method for determining the rate of change as shown

in Equation 5 below, with P and t being the measured pressure and time respectively.

Py, — Pi_
PRR; = it Tt [5]
Lit1 — ti—q

From the calculated PRR of a cycle, the PPRR could be determined by simply
taking the maximum value across the cycle. Then the average PPRR was obtained by

taking the mean of these maximum values.
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4.4.4 Peak Cylinder Pressure Rise Rate Results

The analysis process for PPRR will be nearly identical to that done for peak
cylinder pressure. That is first observing trends, then changes, and finally concerning
operating points when compared to the maximum value from Fuel A. The coefficient of

variance with the average PPRR is also included for completeness.
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Figure 21: Avg. Peak Cylinder Pressure Rise Rate, Normalized to Max. of Respective Fuel

As utilized before, Figure 21 above will be used to observe trends of the PPRR
and note any changes with cetane rating. Interestingly, the location of the maximum
PPRR changed from a high-speed, low-load condition for Fuel A to a part-speed, part-
load condition for Fuels B and C. However, Fuel A does show a local increase in PPRR at
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this specific location. Further determination of changes in PPRR can be done with Figure

22 below.
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Figure 22: Changes In Avg. Peak Pressure Rise Rate When Compared to Fuel A

Figure 22 above provides further context to help understand the changes in trends

noted in Figure 21. Figure 22 shows that the average PPRR has increased across a

majority of cases, however, increasing to a greater extent at lower speed conditions. This

helps to explain the shift in maximum PPRR location when changing cetane rating that

was previously discussed. From Figure 21, Fuel A already presented 1500 RPM, 15%

load as a local maximum for PPRR. With an increase in PPRR across all cases, more so

at low speeds, this increased this local maximum enough to become a global maximum

for all cases. Additionally, effects of the exceptionally large ignition delay at 2000 RPM,
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50% load for Fuel C can still be seen with a reduction in PPRR for that case. Figure 23 is

shown below to understand the magnitude of changes presented above..
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Figure 23: Peak Pressure Rise Rate Normalized to Max. of Fuel A

Figure 23 above displays the average PPRR of each case normalized to the
maximum PPRR calculated for Fuel A. Red shading indicates that the PPRR for that case
is larger than the largest PPRR observed for Fuel A. This allows the determination of
which cases present more of a durability concern than would ever be seen with Fuel A.
Consistent with both Fuel B and C, there appears to be a band of concerning conditions
spanning from low-speed, high-load, to high-speed, low-load. This band is hypothesized
to be a result of the step timing control utilized for injection timing in this engine,

discussed in section 3.2. The transition between relatively advanced and relatively
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retarded is abrupt, causing conditions just prior to the shift to have excessive and audible
knock. This knocking drastically reduces just after the step, which occurs at similar
conditions as the band that is presented above. The case with the greatest concern for
both fuels is the 1500 RPM, 50% load. Comparing Fuel B to Fuel C, Fuel C is not
entirely uniformly more concerning, greater increases in concern appear at low-speed,
high-load conditions. Again, the 2000 RPM, 50% load case for Fuel C displays results

not consistent with the trends of neighboring cases.

From results shown for PPRR, it can be concluded that lowering the cetane rating
of the fuel used does have an impact on the speed and load at which the greatest PPRR
occurs. Both Fuel B and C shifted the location of maximum PPRR to part-speed, part-
load conditions as opposed to high-speed, low-load conditions as seen for Fuel A.
Additionally, PPRR increased across a majority of operating conditions, only reducing at
idle for Fuel B and at a few points for Fuel C, including the excessive ignition delay
condition, 2000 RPM, 50% load. This suggests an increase in durability concern for most
cases on a case-by-case basis. These increases resulted in PPRR values that exceeded the
maximum value observed for Fuel A more sporadically, with a band of increased PPRR

around the step timing control shift region.

For a more thorough understanding of PPRR behavior, the CV of PPRR for each

operating condition will be investigated and is presented in Figure 24 below.
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Figure 24: Peak Pressure Rise Rate CV

CV values above are not normalized, and the gradient spans all three fuels. From
Figure 24 above, CV values tend to increase as the cetane rating is decreased at a similar
rate as seen in the CV for peak pressure values. Additionally, the region with the greatest
coefficient of variance appears to be similar, that being for Fuel C and at high-speed, low-
load conditions and idle. Combining this information with Figure 22 previously shown,
provided below for convenience, will aid in the understanding of how PPRR is

fluctuating to cause the CV to increase.
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Figure 22: Changes In Avg. Peak Pressure Rise Rate When Compared to Fuel A

Figure 22 above shows that average peak pressure rise rates for Fuel C are
relatively low at high-speed, low-load and idle conditions compared to neighboring
points. Additionally, the difference between neighboring points is greater than that of
similar conditions for Fuel B. Additionally, PPRR values for this region aren’t
excessively reduced. This suggests that the elevated CV is not caused by high-magnitude
outliers, but rather by an increased frequency of low-PPRR cycles, which reduces the

mean while increasing relative variability
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Chapter 5 Crankshaft Twist

The twist of the crankshaft was determined with the use of a pair of encoders attached to
the front and rear of the crankshaft. There are limitations to this method, which will be
discussed in the following section. Three metrics were calculated from crankshaft
encoder data captured, guided by literature discussed in section 2.4.2: absolute twist
angle, peak-to-peak twist angle, and rate of twist. Absolute twist angle and peak-to-peak
twist are used to represent maximum torsional stress and cyclic torsional strain, both of
which have been used as predictors of crankshaft life [46][47]. Rate of twist specifically
is not directly linked to any wear mechanisms within the crankshaft; however, it was
chosen as an indicator of the vibration and violence that crank train components are
subjected to. For each of these metrics, the maximum value recorded throughout data
acquisition was determined and will be the main subject of analysis. An illustration of the
determination for each of these metrics is provided in Figure 25 below as well as a

description and the purpose of each metric in Table 4.
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Figure 25: Calculated Crankshaft Twist Metrics
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Table 4: Calculated Crankshaft Metrics

Metric Calculation and Description Analytical Purpose
Proportional to maximum
Calculated as the maximum
strain (y) and, since within
Absolute Twist Angle | absolute twist angle. Provides
materials elastic limit,
() maximum deflection from the

neutral position.

proportional to maximum

stress (7).

Peak-to-peak Twist

Angle (P-P ¢)

The total range of torsional
motion, calculated as the
difference between the
maximum and minimum
observed angles at an

operating condition

Proportional to the cyclic

strain range (Ay).

Rate of Twist (%)

The first derivative of the
instantaneous twist angle
signal with respect to time.
Quantifies the speed of

torsional deflection.

Serves as an indicator
of shock loading as well as
crank train vibration and

violence
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5.1 Crankshaft Twist Measurement Limitations

There are three limitations with the twist data presented. First of which is
regarding what data was collected. Insufficient data was collected for Fuel C, resulting in
some operating points for Fuel C labeled ‘Not Captured’. The second and third
limitations are regarding two-encoder method. Specifically, this method limits the ability
to observe all twists along the crankshaft accurately, which in turn limits the ability to
accurately calculate the torsional stress and torsional strain along the crankshaft. These

latter two limitations are discussed in more depth in for the remainder of this section.

As for the second limitation, when observing crankshaft position only on either
end with the two-encoder method, there may exist a condition that results in the mid-
section of the crankshaft significantly twisting without the front and rear encoders
observing the same magnitude of twist. An illustration of this a situation like this is

shown in Figure 26 below.
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Flywheel

Front
Encoder

Figure 26: Possible Crankshafi Twist Scenario

Figure 26 illustrates a scenario in which there is more twist in the crankshaft than
is observed with the front and rear encoders. This would result from a larger twist
midway along the length of the crankshaft and the inertia of both ends of the crankshaft
limiting observed twist. For explanation purposes, the flywheel encoder is assumed to be
fixed, as the inertia of the flywheel in addition to the dynamometer will significantly
increase the force required to rotate the rear as compared to the front. This increase in
force required prevents the flywheel and attached encoder from assuming the same twist
angle as anywhere in the crankshaft, reducing observed change in position by the rear
encoder. The front end of the crankshaft can be considered freer when compared to the
flywheel. This can be assumed since the only restrictions preventing the front end from
assuming the same twist as anywhere in the crankshatft is the inertia of the crankshaft and

inherent crank train friction between the maximum twist location and the encoder.
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Accordingly, twist angles for explanation purposes will be in reference to the flywheel
position. Figure 27 below provides further clarification of what the scenario described

above would entail with exaggerated twist angles.

Flywheel

¢observed
(;bagtual \

Figure 27: Observed and Actual Twist Along Crankshaft

Figure 27 extends the scenario presented in Figure 26 by modeling the crankshaft
as a simplified beam with a larger twist angle occurring midway along its length. Figure
27 illustrates the difference between the actual crankshaft twist angle, ¢4c¢uq1, and the
twist angle observed by the front encoder, ¢,pserveqd, When a localized maximum twist

occurs at the center of the crankshaft.

When only two encoders are installed at the front and rear of the crankshaft, this
deformation would be measured as a smaller twist than is actually present within the

shaft, highlighting a limitation of the two-encoder method. However, as the location of
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maximum twist moves closer to the front of the crankshaft, the observed twist angle
approaches the actual twist angle. This occurs because a maximum twist nearer to the

front reduces the available inertia between the twist location and front encoder that would

otherwise attenuate the deformation.

Consequently, while the collected data remains valid, it does not provide a
complete representation of the torsional dynamics along the entire crankshaft. Not all
combustion-induced deformations are captured with their true magnitudes; however,
torsional responses originating from the front cylinders are expected to be the most

prominent and exhibit the largest measured twist angles, as shown in Figure 28 below.

o © C C
[a] R a3 o
T T T T

Twist Angle [Normalized]

o
T
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'0.4 i i
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Time [s]

5 5.01 5.02

Figure 28: Normalized Twist Angle, Fuel A: 2000 rpm, 100% Load

(Blue Arrow: Compression, Red Arrow: Combustion)
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Figure 28 shows the crankshaft twist angle measured using the two encoders. As
described in Section 5.2, the twist angle calculation is defined such that a positive twist
angle indicates the front encoder position is lagging the rear encoder position, while a
negative twist angle indicates the front encoder is leading the rear encoder position, both

relative to the direction of crankshaft rotation.

Under this sign convention, crankshaft twist resulting from compression of the
air—fuel mixture produces an increase in twist angle, corresponding to deformation
opposite the direction of rotation. Conversely, crankshaft twist resulting from combustion
produces a decrease in twist angle, corresponding to torsional deformation in the

direction of rotation.

The time window shown in Figure 28 spans 0.06 s, which corresponds to two
complete crankshaft rotations at 2000 rpm. With this interval, and based on the
explanation above, eight individual compression and combustion events are clearly
distinguishable. Furthermore, given the firing order of 1-5-4-8-6-3-7-2, and noting that
cylinders one and five are closest to the front encoder, shown in Figure 29 below, the
observation of the two largest twist events occurring consecutively is consistent with the
expected torsional response. Specifically, deformations due to the front most cylinders

will be the largest observed.

With the reasoning above, taking the maximum twist angles observed provides

the most accurate representation of deformation due to compression and combustion.
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Figure 29: Cylinder Numbering Convention

The third limitation of the two-encoder method is the inability to accurately
calculate strain within the crankshaft; accordingly, results will be shown as normalized
angles of twist rather than using the observed twist to obtain a shear stress or shear strain
value. This decision was made based on three reasons presented below, all based on the
shear strain equation, shown in Equation 6 below [33], in which y, p, ¢, and L are the

shear strain, radial distance, twist angle, and length respectively.

y=L2 (6]

First, calculating strain within the crankshaft with any amount of accuracy is not
feasible for this research. Calculations would require detailed knowledge of the geometry
of the crankshaft which was not available for this research. This also limits the ability to
calculate stress in the crankshaft. Furthermore, to account for the lack of geometry and
simplifying the crankshaft to a beam to obtain a strain with the use of a constant length

and radius was investigated. Although this would allow for the results of this thesis to be
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compared to other research, all results have been normalized, mitigating the benefits of
obtaining a simplified strain value. Ultimately, it was decided to continue with the use of
normalized twist angle due to the twist angle inherently being proportional to the strain
amount as shown in Equation 6 prior. Therefore, as an example, a 15% increase in twist
angle will result in a 15% increase in strain [33]. Furthermore, with Hooke’s law and the
assumption that only elastic deformations will occur, a 15% increase in strain will result

in a 15% increase in stress [49].

5.2 Maximum Absolute Crankshaft Twist

Maximum absolute crankshaft twist, representing the maximum deflection from
the neutral position, was calculated. This value is proportional to the maximum strain as

previously discussed and is an indicator of stress within the crankshatft.

To begin calculating the absolute crankshaft twist, the front encoder’s position
was subtracted from the rear encoder’s position as shown in Equation 7 below. This
provided twist angle as a function of time with positive and negative values representing

the front encoder position lagging or leading of the rear encoder’s position respectively.

Ap; = ¢rearl- - ¢fronti [7]
Following this, the maximum absolute value of twist was determined, giving the
maximum crankshaft twist as Ag,, 4, in Equation 8 below. This provides the maximum

deflection from the neutral position.

APmax = maxIAd)l [8]
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5.2.1 Maximum Absolute Crankshaft Twist Results

As in previous sections, first trends with respect to each fuel will be discussed.
Maximum absolute twist values, normalized to the maximum twist for each fuel, are

presented below in Figure 30.
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Figure 30: Max. Abs. Twist, Normalized to Max. of Respective Fuel

Maximum absolute twist values for each fuel show a strong trend of peaking near
2000 RPM. This trend is consistent regardless of load. Considering none of the
combustion metrics previously discussed displayed any outstanding behavior at 2000
rpm, this suggests that the increase in twist may be due to 2000 rpm exciting the resonant
frequency in the crankshaft. To investigate this further, a fast Fourier Transform (FFT)

was calculated for absolute crankshaft twist during a speed sweep at 100% load and is
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presented in Figure 31 below.

FFT: Fuel A, Speed Sweep
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Figure 31: FFT of Max. Abs. Twist for Speed Sweep, 100% Load

Figure 31 presents crankshaft twist amplitude across a frequency range,
specifically focusing on the 4™ order vibration across an engine speed range of 800 to
2800 RPM, 53 to 186 Hz respectively. This range was arrived at with two deductions.

First, the crankshaft's fundamental torsional resonant frequency is predicted to be within
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50-500 Hz [27][53]. Next this range was narrowed to only include the 4th order,
representing the primary combustion frequency for the V8 engine (four firing events per
rotation), which is the order that has been found to have the greatest influence on

crankshaft torsional vibration and failure [27][53].

FFTs for all fuels show a distinct increase in torsional twist magnitude at
approximately 130 Hz, corresponding to a 4™ order vibration at 1950 RPM, strongly the
resonant frequency of the crankshaft is or is near 130 Hz. Twist amplitude appears to
increase the most at this resonance as cetane rating is reduced, however, this increase is
marginal for Fuel B and more significant for Fuel C. Further analysis can be done with
Figure 32, displaying the difference in maximum absolute twist when compared to Fuel

A, below.
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Figure 32: Change in Max. Abs. Twist When Compared to Fuel A

Interestingly results from Figure 32 display that maximum absolute twist tends
to increase at most operating conditions outside of the resonant speed, while Figure 31
displayed torsional amplitude increasing most at the resonant speed. The greatest relative
increases in maximum absolute twist occur at high-speed, high-load conditions. This
results is notable considering previous research concluded that low-cetane effects are

minimal at these conditions [17][20][24].

The hypothesized reason for the lack of twist increase at resonant speed is that the
crankshafts natural dynamic amplification is a dominant factor at resonant speed. This
results in the absolute twist magnitude being amplified for all cases regardless of cetane

value, possibly masking the effects of violent low-cetane combustion. In contrast at non-
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resonant speeds, the effects of low-cetane are much more prevalent due to the natural

amplification being minimal.

Regardless, the general increase in maximum absolute twist outside of the

torsional resonance still signifies a heightened durability concern when compared to Fuel

A on a case-by-case basis. To contextualize this risk, Figure 33 is presented to determine

if the increases present result in maximum absolute twist values that exceed the greatest

maximum absolute twist value present across Fuel A.
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Figure 33: Max. Abs. Twist, Normalized to Max. of Fuel A

Despite relative increases in maximum absolute twist, as seen in Figure 32, no

cases exceed the maximum absolute twist observed for Fuel A. However, the increases in
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maximum absolute twist at high-speed, high-load conditions for Fuels B and C are shown
to be quite significant. Maximum absolute twist values for Fuels B and C at these
conditions reach 87% and 94% of the greatest maximum absolute twist present in Fuel A
respectively, while the high-speed, high-load case for Fuel A only reaches 60% of this
value. Furthermore, the Fuel C value even exceeds its own maximum absolute twist value

present at resonance, a similar result as seen in Figure 30.

To conclude the results presented, the resonant frequency of the crankshatft is
excited in the speed range tested and each fuel displayed an increase in maximum
absolute twist in this region. However, the dynamic amplification at resonance is believed
to have masked low-cetane effects as increases in maximum absolute twist when
compared to Fuel A on a case-by-case basis were only outside of the resonance region.
With knowledge of the resonance location, its notable that the maximum absolute twist
for Fuel C occurred outside of this region, at a high-speed, high-load condition, a region
thought to not be affected by low-cetane fuels [17][20][24]. Additionally, this condition
was not outstanding for Fuel A. Despite increases on a case-by-case basis, maximum
absolute twist values for Fuels B and C never exceeded the maximum value present for

Fuel A across all conditions.

5.3 Peak-to-Peak Crankshaft Twist

Peak-to-peak crankshaft twist, representing the total range of torsional motion

from the minimum to the maximum observed angle, was also calculated. This value is
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proportional to the total cyclic strain range (4y) and will be the primary indicator of the

repetitive loading conditions that contribute to material fatigue.

Calculating the peak-to-peak crankshaft twist begins with an identical first step to
calculating the maximum absolute crankshaft twist, that being determining the twist angle
as shown previously. With an array of twist angle values, the minimum twist angle was
subtracted from the maximum twist angle as shown in Equation 9 below, providing peak-
to-peak twist. This provided the spread of the twist angle, ultimately the difference

between the highest peak and the lowest trough.

A¢P—P = ¢max - ¢min [9]
5.3.1 Peak-to-Peak Crankshaft Twist Results

First, peak-to-peak twist values were compared for each fuel. This allowed for the
observation of the trends of peak-to-peak twist present. Results are presented in Figure 34

below.
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Figure 34: Max. Peak-to-Peak Twist, Normalized to Max. of Respective Fuel

From Figure 34 above, it can be seen that for all fuels, the maximum peak-to-peak
twist values are centered around 2000 RPM, 100% load. This suggests that cetane rating
does not change the relationship between peak-to-peak twist and speed and load. As for
the increase in peak-to-peak twist being at 2000 RPM, reasoning for this is identical to
that provided previously, that being the resonant frequency of the crankshaft occurs just

below this speed.

Figure 35 below displays the change in peak-to-peak twist for Fuels B and C
when compared to Fuel A. This allows for the determination of how differing conditions

are affected by the cetane rating, with respect to the peak-to-peak twist.
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Figure 35: Change in Max. P-P Twist When Compared to Fuel A
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From Figure 35, peak-to-peak twist values reduce for most cases, except for low-

speed, high-load conditions. Contrary to results from the maximum absolute twist, shown

in Figure 32, Figure 35 does not display an increase in maximum peak-to-peak twist at

high speeds. Figure 36 below displays what a shift in the twist signal would look like that

would cause the contrary results presented above.
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Figure 36: Increase in Max. Twist without Increase in P-P Twist

Comparing Figure 32 and Figure 35 further with the representations of twist
biasing above, this twist biasing appears to be dependent on speed and cetane rating.
Dependence on speed is noted as peak-to-peak changs only deviate from the absolute
twist changes at higher speeds. Additionally, dependence on cetane rating is observed as
the disparity between absolute and peak-to-peak twist values increases as cetane rating is
lowered. This suggests that at higher speeds, lowering the cetane rating encourages

biasing twisting. To confirm these dependencies with collected data, Figure 37 and Figure

38 are provided below.
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Figure 38: Twist Biasing, 2800 rpm, 100% load
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Figure 37 and Figure 38 present the twist signals for each fuel at 100% load for
2500 and 2800 RPM, respectively. All signals are normalized to the maximum twist value
of Fuel A at their respective operating condition. The mean value of each signal, aiding in
the detection of twist biasing, is indicated by a dashed line. The primary finding is that
this twist biasing becomes more pronounced with a combination of increasing engine
speed and decreasing fuel cetane number. Notably, only the low-cetane fuels exhibit this
speed-dependent shift with the mean twists for Fuel A being similar for both speeds. This
suggests the biasing is not a simple inertial effect of higher speed, but rather a

phenomenon specific to low-cetane combustion at high speeds.

Given that the shifts present are positive and conclusions from Figure 28
suggesting positive deformations occur due to compression stroke work, the positive shift
in the mean twist implies a greater average deformation occurring during the compression
stroke. An increase in compression work would be expected to reduce net torque output,
and the results partially support this hypothesis. At both speeds, Fuel C shows a 1%
torque reduction compared to Fuel A. However, Fuel B displays a marginal torque

Increase.

A potential point of confusion is how significant torque is produced if the
measured twist remains largely positive, suggesting minimal deformation in the direction
of rotation. However, it’s important to note the twist angles shown are inherently the front
encoder position subtracted from the rear. This means that twist values follow a gradient

between the front and rear encoder position, allowing for negative twist angles that will
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not be observed by the front encoder. However, given that the front cylinders' torque
contribution should be accurately captured, Section 5.1, the lack of significant negative
twist at the front suggests potential uneven torque distribution among the cylinders. To
investigate the root cause of this increased compression-stroke deformation and the
resulting twist biasing, the corresponding cylinder pressure traces are analyzed Figure 40

below.
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Figure 39: Comparison of Pressure Traces, 2500 rpm, 100% Load

(Blue: Measured Pressure, Red: Motored Pressure)
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Figure 40: Comparison of Pressure Traces, 2800 rpm, 100% Load

(Blue: Measured Pressure, Red: Motored Pressure)

For both sets of pressure traces above, they appear to reach the same peak
pressure, however, the pressure around -10° is slightly elevated for both Fuel B and C
when compared to Fuel A. This increase in pressure at this location is hypothesized to

cause the increased deformation observed during compression.
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Regarding the increase in torque for Fuel B despite increased compression work,
Fuel B does reach a marginally larger peak pressure value. This increase in peak pressure
and pressure throughout the expansion stroke inherently must offset and overcome the
increase in work during the compression stroke, resulting in a marginal 0.5% increase in

torque output.

For a conclusion of this twist biasing discussion, initially it was found that at
high-speeds, peak-to-peak twist values did not change with cetane rating at a similar rate
as the maximum absolute twist values. It was hypothesized that this was due to a uniform
shift in twist values, that was dependent on cetane rating in combination with engine
speed. This was confirmed with Figure 37 and Figure 38. The cause for this twist biasing
is suspected to be local increases in pressure before TDC in low-cetane fuels that are not
present in Fuel A. These increases in pressure prior to TDC would result in more
deformation during the compression causing twist biasing and an overall decrease in
torque output due to increased compression work, all of which were observed for Fuel C.
Additionally, a new low-cetane concern was presented, that being an uneven distribution
of torque output across the cylinders. This was concluded based on the lack of negative

deformation due to front-most cylinder combustion.

To determine if the increases of peak-to-peak twist at low-speed, high-load
exceeds the maximum peak-to-peak twist present for Fuel A, Figure 41 is provided

below.
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Figure 41: Max. P-P Twist, Normalized to Max. of Max. P-P twist of Fuel A

As seen in Figure 41 above, no cases for Fuel B or C exceed the maximum peak-
to-peak twist present for Fuel A cases. Suggesting the cyclic strain range observed for

low-cetane fuels does not exceed the maximum cyclic strain range observed in Fuel A.

From the results presented, it is concluded that peak-to-peak twist displays the
same trends on the engine map as maximum absolute twist. Those trends consist of an
increase with speed and a peak at 2000 RPM due to the resonance of the crankshaft.
However, unlike maximum absolute twist, peak-to-peak twist only increased at low-
speed, part to high-load conditions when compared to Fuel A values on a case-by-case
basis. It’s theorized that increases in ignition delay at high-speeds result in local pressure

spikes that cause increased deformation during the compression stroke. This would allow
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for twist values to become biased in one direction, reducing peak-to-peak twist without
necessarily affecting maximum absolute twist. Although some increases in peak-to-peak
twist were observed, presenting a durability concern relative to their specific Fuel A
counterparts, none of these increases resulted in a peak-to-peak twist that exceeded

values recorded for Fuel A.

5.4 Maximum Absolute Rate of Crankshaft Twist

With absolute twist being proportional to strain as discussed prior, maximum
absolute rate of twist is proportional to the rate of strain. Although the rate of strain is not
relevant for the elastic deformation expected in the crankshaft [49] it will serve as an

indicator of violence and vibration that the crank train is subjected to.

Maximum absolute rate of crankshaft twist was calculated using the gradient
function in MATLAB, which utilizes the central difference method for determining the
rate of change as shown in Equation 10 below, with ¢ and t being the measured twist and
time respectively.

biv1 — dia

ROT; =
' tiv1 — ti—1

[10]

The maximum value for each operating condition was determined for each fuel

and used for the results presented in this section.
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5.4.1 Maximum Rate of Crankshaft Twist Results

To begin analysis of absolute rate of crankshaft twist results, trends will be

investigated and are presented in Figure 42 below.
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Figure 42: Trends of Rate of Crankshaft Twist

From above, rate of crankshaft twist shows a strong positive correlation with
engine speed across all fuels. However, Fuel B differs from Fuel A in the specific
locations of maximum rates of twist. Specifically, maximum rates of twist for Fuel A
occur at high-speed, low-load conditions while maximum rates of twist for Fuel B occur
at slightly lower speed and at both low and high loads. Additionally, the 1500 rpm, 50%

load point appears to become more prominent as cetane rating is lowered. Regardless,
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general trends remain consistent as cetane rating is lowered. Interestingly, the rate of

crankshaft twist does not seem to be affected by resonance.

To determine how the rate of twist changes on a case-by-case basis, maximum rate of

twist results were normalized to their respective Fuel A counterparts and are presented

below.
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Figure 43: Changes in Rate of Crankshaft Twist when Compared to Fuel A Values

In contrast to the rate of twist magnitude shown previously in Figure 42, the
change in maximum rate of crankshaft twist does not exhibit a strong correlation with
engine speed or load, instead, the data is more scattered. However, rate of twist of the
crankshaft tends to increase in select regions as the cetane rating is lowered. Suggesting

that lower cetane fuels do increase the concern for these select regions. One notable
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finding is the non-consistent significance of idle between low-cetane fuels. For Fuel C,

the change in rate of twist at idle is substantially higher than at any other measured

operating point. However, while Fuel B shows an increase in the rate of twist at idle, it

does not exceed neighboring points to the same extent and is not the global maximum.

To determine if the changes observed in Figure 43 result in rates of twist that

exceed those present in Fuel A, Figure 44 is provided below.
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Figure 44: Rate of Crankshafi Twist, Normalized to Max. of Fuel A

Figure 44 above reveals that despite the rate of twist being increased in select

regions as cetane rating is lowered, these changes did not result in a rate of twist that

maximum rate of twist slightly changes as cetane rating is lowered.
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From the results presented, it can be concluded that the maximum rate of
crankshaft twist has a strong relationship with engine speed, regardless of cetane rating
and resonance. However, lower cetane fuels shifted the maximum crankshaft twist
location on the engine map, but marginally, and did not affect the broader trend.
Additionally, lower cetane fuels were found to increase the maximum rate of crankshaft
twist, although somewhat sporadically with no definitive trend. Despite local increases in
the rate of crankshaft twist between fuels, suggesting local increases in violence and
vibration, no low-cetane values exceeded the maximum rate of crankshaft twist present in

Fuel A.
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Chapter 6 Composite Durability Indicator

To more completely understand the effects of low-cetane fuels on the durability of
engine components, metrics previously discussed will be combined to create a Composite
Durability Indicator. This final metric will be used to determine how much the durability
concern has increased at each operating condition. The method used to determine this

composite durability indicator is presented below.

d
PAvg-Max + PPRRAUQ- + $max.abs T Pmaxp-p + d_fmax [11]

5

CD Score =

All values input into Equation 11 were normalized according the inter-fuel global
normalized method for their respective metric prior to being added. This was done to
purely display percent increases and not have metrics with inherently larger values
overshadow others. Additionally, the resulting total of all normalized values was divided
by five to provide a more intuitive result that from which percentage changes could easily
be determined. This results in durability possibly ranging from zero to one for Fuel A and
scores beyond one only being possible for cases of Fuel B or C that exceed the maximum

durability score of Fuel A.

6.1 Composite Durability Scores

Beginning in the same manner as in previous sections, first, trends will be

examined and discussed. Trends of the durability score are presented below in Figure 45.
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Figure 45: Trends of Durability Score

From above, trends pertaining to the location of most concern cases remain

broadly consistent between fuels, that being more concerning at high-speed, high-load

0.1

conditions. However, as cetane rating is reduced the location of the most concerning case

deviates. The most concerning point for Fuel B and C being at 2800 RPM, 100% load,

compared to Fuel ’s being at 2000 RPM, 100% load. Additionally, low-speed conditions

appear to become more significant compared to the peak concern for low-cetane fuels.

These changes are more effectively displayed in Figure 46 below.
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Figure 46: Change in Durability Score when Compared to Fuel A Values

From Figure 46 above, it can be seen that as cetane rating is lowered, concern
noticeably increases, specifically at high and low-speed conditions. Values at low-speed
and part-to-high-load conditions for Fuel B show up to a 28% increase in durability
concern. Fuel C values at this condition are predicted to show even greater concern,
however, due to the lack of collected twist data for Fuel C, an accurate durability score
could not be calculated. To determine if these increases in durability score resulted in
operating conditions that exceeded the maximum durability score of Fuel A, Figure 47 is

provided below.

92
DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.
OPSEC# 10419



Fuel A

=100} 64.93% 83.93% 100.00% 91.55% 96.07% - ' 18
ES 48.80% 82.78% 83.90% 59.48% 65.73%
é 15 Not Captured 57.34% 88.81% 74.26% 90.81% -
En 0 Not Calptured Not Calptured Not Calptured Not Calptured Not Calptured- 11
800 1000 1500 2000 2500 2800
Fuel B 108
£100F 54.93% 65.86% 62.33% 92.83% 10110% | 111.86% -
§ 50 55.25% 60.60% 79.41% 92.72% 67.63%
é 15 Not Captured 49.75% 74.45% 95.54% 75.60% - 106
En 0 Not Calptured Not Calptured Not Calptured Not Calptured Not Calptured-
800 1000 1500 2000 2500 2800 04
Fuel C
2 100[Not Captured  80.29% 67.57% 9427%  109.96%
§ 50 Not Captured 67.32% 91.31% Not Captured Not Captured Not Capture 0.2
é 15 HNot Captured 1 4 Not Captured Not Captured Not Capture
E’ 0 Not Calptured Not Calptured Not Calptured Not Calptured Not Calpture

0
800 1000 1500 2000 2500 2800

Engine Speed [RPM]

Figure 47: Durability Score

Figure 47 provides the calculated durability score, providing insight into the most
concerning operating conditions. As discussed previously, the location of greatest concern
shifts from 2000 rpm, 100% load for Fuel A to 2800 rpm, 100% load for Fuels B and C.
Furthermore, the concern for Fuels B and C is reduced at the 2000 rpm, 100% load
condition compared to Fuel A. At low-speed conditions, although low-cetane fuels
presented a relative increase in concern, this increases was not enough to exceed the
greatest concern present for Fuel A. Consulting metrics individually, average peak
pressure appears to be a strong indicator of durability concern. Initially, average peak
pressure values, normalized to the global maximum of Fuel A, appear to be a viable
indicator of durability. However, upon further analysis, average peak pressure does not

93

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.
OPSEC# 10419



display the same in maximum durability concern for Fuel A, being shifted up by 800 rpm

for average peak pressure. Additionally, average peak pressure does not display the same

elevated values leading up to high-speed, high-load conditions. This can be seen more

clearly in a correlation between the average peak pressure and durability score presented

below.
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Figure 48: Avg. Peak Pressure to Durability Score Correlation

From Figure 48, it can be seen that average peak pressure overpredicts the

greatest durability concerns while underpredicting intermediate concerns. This

exemplifies how durability concerns arise from a multitude of factors, encouraging the

use of a Composite Durability Indicator.
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Results from the Composite Durability Indicator help to show what regions of the
engine map present the most concern, that being high-speed conditions at high load, as
well as how these regions shift as cetane rating is lowered. Fuel B and C showed a shift
of the most concerning case up 800 rpm relative to Fuel A, from 2000 rpm to 2800 rpm.
Additionally, the durability scores were shown to increase at most operating conditions,
increasing to the greatest extent when compared to their Fuel A counterparts at low-speed
conditions. However, these increases at low speed were not enough to exceed the global
maximum durability score of Fuel A for both Fuel B and C. Although increases at high-
speed, high-load conditions did exceed the global maximum of Fuel A, with Fuel C
displaying greater concerns relative to Fuel B. Average peak pressure was found to be a
useful predictor of most concerning conditions determined by the durability score.
However, average peak pressure underpredicted intermediate durability concerns. This
highlights the usefulness of the composite durability indicator as it combines multiple

indicators to provide a more thorough prediction of durability concerns.
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Chapter 7 Conclusion

Results were presented with a three-tiered normalization approach: 1) metric
normalized to the maximum value for each respective fuel, (2) metric normalized to the
corresponding Fuel A value on a case-by-case basis, and (3) metric normalized to the
maximum Fuel A value across all conditions. These normalizations were selected to
highlight different aspects of low-cetane effects. Values obtained from the third method

were also used in the Composite Durability Indicator.

Utilizing this indicator, the locations of greatest ignition delay with respect to time
and crank angle were determined, low and high-speed conditions respectively.
Additionally, increases in ignition delay with respect to time and crank angle were
observed across all conditions. However, these increases only led to ignition delay
exceeding the global maximum Fuel A values with respect to time and crank angle at

low-speed and high-speed conditions respectively.

For average peak pressure, first it was determined low-cetane fuels do not affect
the relationship between peak pressure and speed and load. All fuels displayed that peak
pressure has a strong positive correlation with both speed and load regardless of cetane
rating. Additionally, peak cylinder pressures tended to increase across most operating
conditions, only decreasing due to excessive ignition delay. This suggested local
increases in the durability concern. However, these increases in peak pressure for low-
cetane fuels only exceeded the maximum peak pressure recorded for Fuel A at high-

speed, high-load cases.
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From results shown for PPRR, it was concluded that lowering the cetane rating of
the fuel used did have an impact on the speed and load at which the greatest PPRR
occurred. Both Fuel B and C shifted the location of maximum PPRR to part-speed, part-
load conditions as opposed to high-speed, low-load conditions as seen for Fuel A.
Additionally, PPRR increased across a majority of operating conditions, only reducing at
idle for Fuel B and at a few points for Fuel C, including the excessive ignition delay
condition, 2000 RPM, 50% load. This suggested an increase in durability concern for
most cases on a case-by-case basis. However, these increases resulted in PPRR values
that exceeded the maximum value observed for Fuel A more sporadically, with a band of

increased PPRR around the step timing control shift region.

To begin the crankshaft twist discussion, limitations of the measurement were
discussed, followed by analysis of maximum absolute twist, signifying stress within the
crankshaft. The resonant frequency of the crankshaft was excited in the speed range
tested and each fuel displayed an increase in maximum absolute twist in this region.
However, the dynamic amplification at resonance is believed to have masked low-cetane
effects as increases in maximum absolute twist when compared to Fuel A on a case-by-
case basis were only shown outside of the resonance region. With knowledge of the
resonance location, its notable that the maximum absolute twist for Fuel C occurred
outside of this region, at a high-speed, high-load condition, a region thought to not be
affected by low-cetane fuels [17][20][24]. Additionally, this condition was not

outstanding for Fuel A. Despite increases on a case-by-case basis, maximum absolute
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twist values for Fuels B and C never exceeded the maximum value present for Fuel A

across all conditions.

Peak-to-peak twist results, signifying cyclic strain range, displayed the same
trends on the engine map as maximum absolute twist. Those trends consisted of an
increase with speed and a peak at 2000 RPM due to the resonance of the crankshaft.
However, unlike maximum absolute twist, peak-to-peak twist only increased at low-
speed, part to high-load conditions when compared to Fuel A values on a case-by-case
basis. It’s theorized that increases in ignition delay at high-speeds result in local pressure
spikes that cause increased deformation during the compression stroke. This would cause
twist values to become biased in one direction, reducing peak-to-peak twist without
necessarily affecting maximum absolute twist. Although some increases in peak-to-peak
twist were observed, presenting a durability concern relative to their specific Fuel A
counterparts, none of these increases resulted in a peak-to-peak twist that exceeded

values recorded for Fuel A.

Maximum rate of crankshaft twist results, signifying violence and vibration,
showed a strong relationship with engine speed, regardless of cetane rating and
resonance. However, lower cetane fuels shifted the maximum crankshaft twist location on
the engine map, but marginally, and did not affect the broader trend. Additionally, lower
cetane fuels were found to increase the maximum rate of crankshaft twist, although

somewhat sporadically with no definitive trend. Despite local increases in the rate of
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crankshaft twist between fuels, suggesting local increases in violence and vibration, no

low-cetane values exceeded the maximum rate of crankshaft twist present in Fuel A.

All metrics were then combined into a Composite Durability Indicator. Initial this
indicator was used to determine what regions of the engine map present the most
concern, that being high-speed conditions at high load, as well as how these regions shift
as cetane rating is lowered. Fuel B and C showed a shift of the most concerning case up
800 rpm relative to Fuel A, from 2000 rpm to 2800 rpm. Additionally, the durability
scores were shown to increase at most operating conditions, increasing to the greatest
extent when compared to their Fuel A counterparts at low-speed conditions. However,
these increases at low speed were not enough to exceed the global maximum durability
score of Fuel A for both Fuel B and C. Although increases at high-speed, high-load
conditions did exceed the global maximum of Fuel A, with Fuel C displaying greater
concerns relative to Fuel B. Average peak pressure was found to be a useful predictor of
most concerning conditions determined by the durability score. However, average peak
pressure underpredicted intermediate durability concerns. This highlighted the usefulness
of the composite durability indicator as it combines multiple indicators to provide a more

thorough prediction of durability concerns.
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Chapter 8 Future Work

Future work considerations include adjusting what data was collected, adjusting
the composite durability indicator to account for metrics that may be determined to be

better indicators of durability effects, and further investigation into twist biasing..

To begin with the adjustments to what data was collected, simply collecting the
remaining points for Fuel C would help to obtain a better understanding of how durability

concerns change as cetane rating is reduced.

Additionally, the number of metrics collected could be altered. Specifically, the
metrics chosen for this research strictly pertain to internal engine components. Future
work could investigate including metrics pertaining to durability outside of the engine.
For instance, for engines that have forced induction through the means of turbocharger, it
may be advantageous to consider metrics such as exhaust gas temperatures, burn rates, or
soot production. Similar metrics may be useful for engines with aftertreatment systems as

well.

An additional adjustment to the Composite Durability Concern could be made
with respect to weighting. Depending on the metrics used or if the durability concern of
interior or exterior components is needed to determine, it may be ideal to add weighting
factors to for each metric. This will help to adjust the composite durability indicator to fit
any engine based on the weakest link in the system. For example, for a single cylinder

engine, crankshaft twist may not be as great of a concern when compared to a multi-
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cylinder inline engine. Reducing the weight of crankshaft twist metrics could account for

this reduction in concern and produce more applicable results.

Finally, twist biasing was briefly discussed in Section 5.3.1. Further research and
analysis should be conducted as the results shown indicate significant low-cetane effects
at high-speed, high-load conditions. These results present a significant addition to the
previously concluded effects low-cetane fuels [17][20][24]. Further research should be

undertaken to fully understand the effects of low-cetane fuels on crankshaft dynamics.
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Appendix

Pressure Traces and Ignition Delay Calculations

Fuel A
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Cylinder Pressure Trace
Fuel A, Speed 800rpm Load 100%
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Cylinder Pressure Trace
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Cylinder Pressure Trace
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Cylinder Pressure Trace
Fuel A, Speed: 1500rpm, Load: 100%
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Cylinder Pressure Trace
Fuel A, Speed: 2000rpm, Load: 50%
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Cylinder Pressure Trace
Fuel A, Speed: 2500rpm, Load: 15%
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Pressure (Normalized)
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Cylinder Pressure Trace
Fuel A, Speed: 2500rpm, Load: 100%
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Cylinder Pressure Trace
Fuel A, Speed: 2800rpm, Load: 50%
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Fuel B

Cylinder Pressure Trace

~ Fuel B, Speed: 800rpm, Load: 0%
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Cylinder Pressure Trace

~ Fuel B, Speed: 800rpm, Load: 50%
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Cylinder Pressure Trace
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Cylinder Pressure Trace
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Cylinder Pressure Trace
Fuel B, Speed: 2500rpm, Load: 50%
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Cylinder Pressure Trace

. Fuel B, Speed: 2800rpm, Load: 15%
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Cylinder Pressure Trace
Fuel B, Speed: 2800rpm, Load: 100%
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Cylinder Pressure Trace
Fuel C, Speed: 1000rpm, Load: 15%
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Cylinder Pressure Trace
Fuel C, Speed: 1000rpm, Load: 100%
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Cylinder Pressure Trace

Fuel C, Speed: 1500rpm, Load: 50%
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Cylinder Pressure Trace
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Cylinder Pressure Trace
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