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Abstract

n investigation of the performance and emissions

of a Fischer-Tropsch Coal-to-Liquid (CTL)

Iso-Paraffinic Kerosene (IPK) was conducted using
a CRDI compression ignition research engine with ULSD as
areference. Due to the low Derived Cetane Number (DCN),
of IPK, an extended Ignition Delay (ID), and Combustion
Delay (CD) were found for it, through experimentation in a
Constant Volume Combustion Chamber (CVCC). Neat IPK
was analyzed in a research engine at 4 bar Indicated Mean
Effective Pressure (IMEP) at three injection timings: 15°,
20°, and 25° BTDC. Combustion phasing (CA50) was
matched with ULSD at 10.8° and 16° BTDC. The IPK DCN
was found to be 26, while the ULSD DCN was significantly
higher at 47 in a PAC CID 510. In the engine, IPK’s DCN

Introduction

s concerns over climate change and energy security

continue to rise, the research and development of

sustainable synthetic alternative fuels has emerged as
aviable solution. These sustainable and clean-burning fuels have
potential as a supplement or “drop-in” replacement of typical
petroleum fuels with minimal reconfiguration of combustion
engines or infrastructure. Alternative fuels can be produced
from a variety of resources and can be blended into typical fuels
for on-road or aviation applications [1, 2, 3, 4].

Created using the Fischer-Tropsch process, these alterna-
tive fuels are cleaner fuels with promising emissions profiles
compared to existing fuels [5, 6, 7]. They are created using
feedstocks such as coal, natural gas, and biomass, promoting
energy independence. These feedstocks are common due to
the adequate number of hydrocarbons in their composition.
The properties of synthetic fuels are contingent on the type
and condition of the feedstock used in its creation [8, 9]. The
synthetic fuel investigated in this paper is Iso-Paraffinic
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combined with its short physical ignition delay and long
chemical ignition delay compared to ULSD, caused extended
duration in Low Temperature Heat Release (LTHR) and cool
flame formation. It was found in an analysis of the Apparent
Heat Release Rate (AHRR) curve for IPK that there were
multiple Negative Temperature Coefficient (NTCR) regions
before the main combustion event. The High Temperature
Heat Release (HTHR) of IPK achieved a greater peak heat
release rate compared to ULSD. Pressure rise rate for IPK
was observed to increase significantly with increase in injec-
tion timing. The peak in-cylinder pressure was also greater
for IPK when matching CA50 by varying injection timing.
Emissions analysis revealed that IPK produced less NO,,
soot, and CO, compared to ULSD. CO and UHC emissions
for IPK increased.

Kerosene (IPK), produced from a coal feedstock. IPK has
already seen commercial use since 1999, when Sasol, the
producer of IPK, was given permission to blend IPK into
conventional petroleum-based jet fuels in South Africa [10].
Additionally, the production of a generic synthetic paraffinic
kerosene (SPK) produced by the United States Air Force in
2009 and continued research into synthetic alternatives show-
cases the demand and efficacy of synthetic fuel applications
[H) Qi Q] .

IPK is primarily made of branched chain hydrocarbons
known as iso-paraffins and due to the purity of fuels produced
by the Fischer-Tropsch process, lacks aromatics and signifi-
cant sulfur content. Low levels of aromatics are related to
decreased heats of vaporization and viscosity, while low sulfur
content is related to decreased lubricity [14, 15]. Another note-
worthy attribute of IPK is the length of its combustion and of
its negative temperature coefficient region (NTCR).

An investigation of IPK was conducted by Xin Hui et al.
[11] in a fuel ignition tester based on ignition and combustion
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delay, autoignition characteristics and laminar flame profile.
It was found that IPK had a much longer ignition and combus-
tion delay and decreased DCN than any other fuel tested.
Additionally, IPK displayed the slowest flame stretch and
extinction rates across all tested equivalence ratios, which is
attributed to iso-paraffins being its primary composition

Previous investigations on IPK were performed by Soloiu
et al in a constant volume combustion chamber and in a
single-cylinder indirect injection (IDI) engine. The goal of
these studies was to develop a detailed understanding about
the thermophysical properties and combustion characteristics
of IPK as a fuel. ULSD was used in both cases as a baseline to
compare to. It was found that IPK showed a significant
decrease in NO,, unburned hydrocarbons (UHC), and CO,
emissions. Additionally, IPK was found to have a higher
energy density and thermal efficiency [22, 23, 24, 25].

Combustion phasing, also known as ignition timing, is
a measure of when combustion begins in an engine. The
timing of ignition is a vital parameter to analyze and is directly
related to the thermal efliciency and performance of the
engine [26, 27, 28]. Comparing fuels based on injection timing
provides some insight into the fuel properties. However, this
form of analysis alone ignores fuel properties such as ignition
delay, autoignition quality, and flame propagation. By varying
the injection timing to match the combustion phasing, a more
precise comparison can be made that accounts for these prop-
erties [29, 30, 31, 32].

In this investigation, F-T CTL fuel, the IPK, was analyzed
using laboratory equipment to determine thermophysical and
chemical properties such as vaporization behavior, atomiza-
tion characteristics, DCN, ignition delay, and combustion
delay in CVCC with ULSD as a baseline. Furthermore, IPK
was run in a single cylinder CRDI engine at a constant load
and 3 injection timings and compared with ULSD at matching
injection timing and matching combustion phasing. Emissions
and efficiency of the engine were studied to determine the
efficacy of IPK as an alternative fuel for use in IC engines.

Thermophysical Properties

A number of experimental investigations were carried out
using the authors’ fuel analysis equipment to compare the
thermophysical properties of IPK to ULSD. These investiga-
tions provide critical insight into the physical and chemical
properties of the fuels which have direct implications for
combustion in the CVCC as well as in the engine. A thermo-
gravimetric analysis and differential thermal analysis were
performed to analyze the rate of vaporization and low temper-
ature oxidation behavior of the fuels, both of which have an
effect on the physical ignition delay of the fuels. Further inves-
tigations were carried out to determine the spray droplet size
and distribution, which also has significant implications for
the physical ignition delay of the fuel [33, 34, 35].

Using a Constant Volume Combustion Chamber (CVCC),
the Ignition Delay (ID) and Combustion Delay (CD), as well
as the Derived Cetane Number (DCN) were evaluated. The
Lower Heating Value (LHV) was determined using a Parr

1341 constant volume digital calorimeter. Viscosity of the
fuels was measured using a Brookfield DV-II +Pro rotational
viscometer. Viscosity also plays an important role in the
droplet formation and mixing capabilities of the fuels. A
summary of these parameters is provided below in Table 1.
Additionally, the chemical composition for IPK compared
to ULSD is provided below in Table 2, which provides valuable
context to the chemical analysis further in the paper.

Thermal Stability and Low
Temperature Oxidation

An analysis was conducted to determine the oxidation at low
temperatures and volatility of IPK and ULSD. This investiga-
tion was done by placing approximately 10 mg of research fuel
in the Shimadzu DTG-60. This instrument is used to perform
thermogravimetric analysis (TGA) and differential thermal
analysis (DTA). The furnace was heated from 20°C to 600°C
in 20°C increments per minute. A constant air flow rate of 15
mL/min was supplied to the furnace chamber in order to
promote fuel oxidation and purge the created oxidation fumes.
This sample is weighed against and compared to a baseline
sample of alumina powder of similar mass. This material is
chosen due to its refractory nature and negligible loss in mass
as the chamber is heated and cooled.

Thermogravimetric analysis in the DTG is used to
measure the vaporization rate of the research fuel by measuring
percent mass reduction with respect to temperature. As shown
in Fig. 1, IPK is shown to vaporize much faster than ULSD,
indicating a much higher volatility. Fuels with high volatility
form a more homogeneous fuel-air mixture in less time and
at lower temperatures than low volatility fuels [39, 40].

TABLE 1 Thermophysical Properties of IPK compared to

ULSD [36]

IPK POSF7629 / + %diff

Compared to ULSD ULSD
LHV (MJ/kg) 44.25 / +7.66 a1
DCN 25.88 / -46.71 48.56
Avg. ID (ms) 5.3/ +53.18 3.46
Avg. CD (ms) 17.2 / +247.47 4.95
Viscosity @ 40°C (cP) 1.02 / -58.20 244
Density @ 26°C (kg/m3) 740/ -12.94 850
SMD [um] 14.96 / -33.09 22.36

TABLE 2 Chemical composition of IPK compared to [36,
37,38]

Composition Sasol IPK / % %diff ULSD
n-Paraffins (wt%) 2.1/-87.20 16.4
Iso-paraffins (wt%) 88/ +378.26 18.4
Cyclo-paraffins (wt%) 9/-74.29 35
Aromatics (wt%) <0.5/-98.33 30
Total sulfur (wt%) <0.001/-99.99 <15
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m Thermogravimetric Analysis of ULSD and IPK
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The results of the thermogravimetric analysis can be more
precisely found in Table 3 below, where the temperature
required to vaporize 10%, 50%, and 90% of the fuel is recorded.
These temperatures are labeled as TA(10), TA(50), and TA(90)
respectively. Near the beginning of the analysis, at approxi-
mately TA(10), ULSD and IPK require similar temperatures
in order to vaporize, less than a 30° difference. However, as
the analysis continued, IPK required significantly lower
temperatures than ULSD in order to vaporize the same amount.

The differential thermal analysis in the DTG is used to
quantify the absorption and release of energy in terms of
temperature. This analysis is able to determine endothermic
and exothermic processes that take place over a 600°C temper-
ature range. In differential thermal analysis, endothermic
reactions are represented by a negative slope and exothermic
reactions are represented by a positive slope. The magnitude
of the slope represents the rate at which these reactions take
place. Fig. 2 below shows the DTA results of the two
research fuels.

TABLE 3 Thermogravimetric Analysis of ULSD and IPK [36]

IPK ULSD
TA (10) °C .7 100.0
TA (50) °C 108.1 170.0

TA (90) °C 131.2 230.2

The DTA results show that at low temperatures, from
0°C - 250°C, both IPK and ULSD are very volatile. This is
proven by the large endothermic reactions at the start of the
analysis. These endothermic reactions, indicating a vaporiza-
tion phase change, are likely due to the shorter and lighter
hydrocarbon chains such as n- and iso-paraffins vaporizing
at lower temperatures than other compounds [41]. It is
observed that IPK is vaporizes sooner than ULSD given that
IPK reaches a more negative peak than ULSD, sooner and at
a steeper slope. Due to iso-paraffins being the primary
compound of IPK, the extreme endothermic reaction in the
beginning followed by little to no volatility across increasing
temperatures was expected. Alternatively, ULSD has a signifi-
cantly decreased amount of n- and iso-paraffins and exhibits
a decreased volatility in the temperature range.

In mid temperature ranges (250°C - 350°C), IPK is shown
to have low reactivity, with little to no reactions besides a small
reaction at the upper end of the temperature range. ULSD, on
the other hand, undergoes a significant endothermic reaction
while IPK remains unreactive. This indicates low-temperature
oxidation of hydrocarbon chains that are not present in IPK,
such as aromatic compounds. Because of the lack of reactions
in IPK at this temperature, IPK is shown to be the least reactive
fuel in mid-range temperatures.

Lastly, in high temperature ranges (350°C +), IPK under-
goes a small endothermic reaction that begins at approxi-
mately the same temperature ULSD reaches a peak in its
reaction. After this temperature, ULSD follows a gentle slope
instead of a steep one like the first reaction and eventually
lines up with the end of the IPK endothermic reaction. This
suggests that near the peak of the second significant endo-
thermic reaction in ULSD, the oxidation of other compounds
began to take place, slowing the return of the endothermic
reaction and preventing it from returning to zero. Additionally,
the compounds that begin oxidizing in this temperature range

m Differential Thermal Analysis of ULSD and IPK
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must be similar to those present in IPK due to the identical
trend at the end of the fuels’ reactions.

The differences in the DTA for IPK and ULSD can likely
be attributed to ULSD having more prevalent and heavier
hydrocarbons than IPK [36]. Overall, IPK was found to
be much more volatile than ULSD, especially at lower temper-
ature regions. However, ULSD was observed to be more
reactive overall than IPK.

Spray Atomization, Mixing,
and Droplet Distribution
Analysis with Mie Scattering
Laser Apparatus

The investigation into the droplet distribution, spray atomiza-
tion, and mixture formation for neat IPK and neat ULSD was
conducted using a Malvern Spraytec He-Ne laser. When an
injection was initiated, a laser beam is used to provide real-
time measurement of the spray particle and spray droplet size
distribution. The instrument can be seen in Fig. 3 below. A
180 bar hydraulic injector was placed 100 mm from the
laser beam.

m Malvern He-Ne Spraytec and Injection Apparatus
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There are twenty-eight light detectors reporting data at
10 kHz from 0.1 ms before trigger to 5 ms after trigger. The
Mie Scattering and Fraunhofer diffraction theory were used
to analyze the data by determining the Sauter Mean Diameter
(SMD) and its spray droplets as a result of the diffraction of
the laser.

The Mie Scattering Theory is a technique that describes
the scattering of light off a particle cloud. Equation 1 allows
for determination of the Sauter Mean Diameter (SMD) where
I(0) represents the light intensity after scattering as a function
of the angle of incidence 6 (the angle where the light hits the

droplet relative to where it was detected). The measured
distance between the light detector and light source is repre-
sented by a, while the wave number in in 27/A is represented
by k. S,(0) and S,(0) represent complex, dimensionless func-
tions which account for the amplitude change of the perpen-
dicular and parallel polarized light. I, describes the initial
intensity of the beam [42].

10)=3 (5O +[s@F) o

Equation 1 is well suited for spherical droplets, however
in practice droplets are rarely perfectly spherical. Therefore,
the Fraunhofer diffraction theory is applied since it does not
rely on the optical properties of the droplet, or the sphericity
of the droplet (Equation 2). The terminology is the same as
Equation 1, with the addition of the dimensionless parameter
a = nx/\, in which x is the particle size.

Iy at ]I(asm(e))

10)=2 @

asinsin 0

For the fuels selected, Sauter Mean Diameter (SMD) and
Spray Droplet Distribution (SDD) were measured to generate
the spray profile of each fuel. These results can be seen in
Fig. 4. The lowest droplet size that was calculated from the
neat tests was IPK. This is in part due to ULSD having a higher
viscosity when compared to IPK, resulting in a droplet distri-
bution skewed toward higher droplet diameter. IPK’s physical
properties are therefore seen to be favorable for spray
atomization.

m Spray Development and Droplet Formation for
ULSD and IPK
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Combustion
Characteristics in a
Constant Volume
Combustion Chamber

The constant volume combustion chamber experiments were
conducted using a Petroleum Analysis Company (PAC) CID
510. This instrument allowed for analyses for each fuel’s
pressure trace, heat release, ignition delay, combustion delay,
low temperature heat release, and high temperature heat
release. The PAC CID 510 typically operates by cycling through
5 condition periods where fuel is injected, it combusts, and
exhausts. Following the conditioning periods are 15 combus-
tion cycles in which measurements are taken. The pressure
data for each of the 15 cycles is recorded and averaged. These
test cycles are in line with ASTM standard D7667-14a, as
shown in Table 4.

The schematic shown in Fig. 5 depicts the components of
the PAC CID 510. The right-hand image, the cross-sectional
view, shows the common rail fuel injection system (labeled
1), with the 6 orifice Bosch high-pressure fuel injector (2).

The combustion takes place in the uniformly heated,
constant volume, and pressure-controlled combustion
chamber (3) shown in the left-hand image of Fig. 5. The
pressure sensor, labeled 4, is the device that measures the
difference of pressure during combustion. Finally, labeled 5,
an additional pressure sensor is used to measure the in-line
fuel pressure.

The DCN values given in Table 5 were calculated with
Equation 4 below using the durations of ignition delay and
combustion delay measured by the instrument. This equation
comes from an in-house optimization by the authors, based
on specific experimentation of the fuels presented in this

TABLE 4 CVCC Parameters based on ASTM D7668-14a

Wall Fuel Injection Coolant Injection Chamber
Temp. Pressure Temp. Pulse Width Pressure
595.5°C 1000 bar 50 °C 2.5ms 20 bar

IR PAC CID 510 Constant Volume Combustion
Chamber Schematic

TABLE 5 ID, CD, and DCN for IPK compared to ULSD

Fuel ID CcD DCN
IPK / %diff 530/ +49% 1717 / +233% 25.88 / -45%
ULsD 3.56 5.15 47

paper. Itisloosely based off the generalized equation given by
the instrument’s manufacturer, Petroleum Analysis Company,
that was derived for a large range of fuels. It is evident that
due to IPK’s extended ID and CD (49% and 233% greater,
respectively) compared to ULSD are responsible for the low
DCN of 25.88, 45% less than ULSD used in this investigation.

DCN =13.028 + ~ 5.3378 + 300.18
ID CD

12567.90 3415.32
+| - |+ ;
CD CD

Combustion Pressure and
Ringing Analysis in the CVCC

The pressure trace for both research fuels were recorded in
the PAC CID 510, averaged, and compiled together in Fig. 6.
This parameter, excluding time, is the only parameter
measured by the CVCC. Further analysis is derived from this
measured pressure. Start of injection in the CVCC occurs
at Oms.

The pressure results show the extended combustion
duration of IPK compared to ULSD. Further combustion
duration analysis is explored below.

Using the pressure trace, the ringing intensity of each
research fuel can be investigated as well. Shown in Fig. 7 are
the pressure trace curves of both fuels at their peaks, using a
logarithmic scale for easier analysis. It can be seen in the figure

@)

IGEEEE Combustion Chamber Pressure Traces of Neat
IPK and Neat ULSD
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m Peak Pressures for Neat IPK and ULSD on a
Logarithmic Time Scale
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that ULSD has clear pressure oscillations at its peak.
Alternatively, IPK displays almost no oscillations at all, which
is likely due to its higher ignition and combustion delay, and
its lower DCN. Additionally, as shown in the apparent heat
release rate (AHRR) curves in Fig. 8, IPK has a longer AHRR
than diesel, further contributing to reduced oscillations as
energy is released at a less abrupt rate [43].

m AHRR for Neat ULSD and Neat IPK from start
of injection
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The peak pressures of both ULSD and the time it takes
to reach the peaks are listed below in Table 6. This time is
measured from the start of injection to the peak pressure. The
table displays IPK’s slight pressure increase as well as its signif-
icant ignition and combustion delay contributing to a later
peak pressure time.

TABLE 6 Peak Pressures for Neat IPK and ULSD

Researched Fuel IPK ULSD
Time [ms] 20.52 6.76
Peak Pressure [Bar] 42.66 42.40

In addition to analyzing ringing intensity, the recorded
pressure traces can provide further insight into the physical
and chemical delays of the overall ignition delay. The physical
ignition delay is defined as the duration required for the fuel
to undergo heating, atomization, vaporization, and mixing.
These processes are dependent on the thermophysical proper-
ties of the fuel.

The chemical ignition delay occurs following the physical
ignition delay, and is influenced by the chemical composition
and properties of the fuel. It is the period between chemical
decomposition and the onset of rapid reactions leading to
combustion, and the time required for the completion of pre-
flame reactions that must occur before combustion [44, 45].

Apparent Heat Release Rate
and Low Temperature Heat
Release in the CVCC

The apparent heat release rate (AHRR) is defined as the usable
energy produced by a fuel’s combustion. In constant volume
combustion analysis, it is a measure of the amount of energy
remaining in the combustion chamber to raise the tempera-
ture during combustion. AHRR is also used to differentiate
between regions of combustion and can be determined from
the pressure during combustion.

The CVCC is modeled as a closed loop system, heat
transfer is neglected, and the wall temperature is assumed to
stay at 595.5°C for the duration of combustion. Additionally,
combustion is assumed to begin 0.04 ms after injection and
the global specific heat ratio is assumed to stay equivalent
across all 15 cycles. The equation used to calculated apparent
heat release rate can be found below in Equation 3 with a
gamma value of 1.4 [46, 47].

aQ_ 1 ap o
dat  y-1 dt

The AHRR is plotted as a function of time below in Fig.
8. Comparing the AHRR of IPK to ULSD, it can be seen that
ULSD releases heat at a higher rate than IPK does. Despite
having more favorable thermophysical properties for combus-
tion than ULSD, such as high volatility and smaller spray
atomization, IPK has a much slower combustion period. IPK
is observed to reach peak AHRR at around 16 ms, a much
longer delay than ULSD which reaches a peak AHRR at
around 5 ms.
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The apparent heat release rate is also used to investigate
the low temperature heat release (LTHR) region. The LTHR
of the research fuels are shown below in Fig. 9 by expanding
the AHRR plot on the region. Visible for both fuels, but espe-
cially IPK, is the spray vaporization between 1 and 3 ms. LTHR
is comprised of two sections: the cool flames formation region
and the negative temperature coefficient region (NTCR). The
first phase of LTHR, the cool flames formation region, begins
when AHRR first reaches a non-negative value and continues
until it reaches its first peak. Immediately after is the NTC
region, which continues until LTHR ends, when AHRR
reaches a local minimum. Once AHRR begins to increase,
LTHR ends and HTHR begins.

IEIILEIEEY LTHR Regions for ULSD and IPK from start
of injection
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LTHR is the first stage of combustion in which a few main
reactions are prevalent: the abstraction of the H atom from
fuel molecules, the addition of alkyl radicals to molecular
oxygen, and the reactions of the alkylperoxy radicals. These
reactions take place are relatively low temperatures and are
prevalent here due to their low activation energies [48, 49, 50].
Additionally, these reactions result in the low-luminosity blue
flames characteristic of the cool flame formation region, which
causes an increase in AHRR. By expanding the duration of
LTHR, it is suggested that lower emissions can be achieved
(51, 52, 53].

After a peak in LTHR, AHRR begins to decrease despite
the increasing temperatures. This is known as the Negative
Temperature Coeflicient Region (NTCR). NTCR is partially
caused by the formation of compounds and radicals that are
either stable at low temperatures or absorb more energy in
their formation than produced by their combustion. For
instance, the formation of ketohydroperoxides, which absorbs
more energy in its formation than produced in its combustion,
and the HO, radical, which is stable at NTCR temperature
ranges, both act as an inhibitor for heat release and the forma-
tion of other compounds [48, 54].

The exact start and end of the NTC region has been a
topic of discussion for years, with some sources defining it as
the region between LTHR and HTHR, others define an
Intermediate Temperature Heat Release between LTHR and
HTHR in which NTC lies, and still others define NTC as the
decrease in AHRR that occurs between LTHR and HTHR [54,
55]. This paper defines NTCR by the decrease in AHRR
between LTHR and HTHR.

Fig. 10 shows the labeled cool flames formation and NTC
regions of both researched fuels, which make up LTHR, inan
expanded view of Fig. 9. IPK is shown to have a slightly shorter
cool flames formation region relative to total combustion time,
but a significantly longer NTC region when compared to
ULSD. These extended LTHR and NTC regions that IPK has
compared to ULSD are correlated with improved emissions
quality [47, 56].

Detailed in the tables below are the durations of and
amount of energy released by each combustion region. The
combustion duration, as defined in this paper, is the time from
start of ignition, which begins when AHRR first becomes
positive, to end of combustion (EOC), which is when AHRR
first falls negative after the main combustion event. It was
observed that IPK had a significantly longer duration of all
investigated combustion phases than ULSD, a difference of at
least 77% in every case. While IPK displayed a significantly
longer combustion duration in all investigated regions, it was
noted that the energy content between the fuels was much
more comparable. ULSD produced approximately 5% more
energy in LTHR than IPK, while IPK produced approximately
5% more energy in HTHR. However, when investigating the
NTC region, a much larger difference was observed. IPK
displayed a 65% increase in energy when compared to ULSD.

IR LTHR Regions for ULSD and IPK from start
of injection
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TABLE 7 Energy Released per Combustion Region for ULSD

vs. IPK
Researched Fuel NTCR[J] LTHR[J] HTHR[J]
IPK 339.90 469.98 2258.79
ULSD 79.24 264.36  2332.54
% Difference 1244% +56.0% -32%

TABLE 8 Duration per Combustion Region for ULSD vs. IPK

Researched Fuel NTCR[ms] LTHR[ms] HTHR [ms]
IPK 7.80 9.52 7.84

ULSD 0.28 1.60 1.28

% Difference +186.1 % +142.5 % +143.9 %
Combustion

Characteristics in a
Common Rail Direct
Injection Experimental
Engine

The fired engine testing was conducted using an instrumented
experimental diesel engine equipped with a computer-
controlled common rail direct injection system. A Kistler
6053cc piezoelectric pressure transducer and Kistler 5010B
amplifier were used to collect in-cylinder pressure data, while
an Omron E6C3-CWZ3EH rotary encoder was used to
capture the rotation of the crankshaft. A schematic of the
instrumented head is provided (Fig. 11). Data collection was
performed using a Yokogawa DL850 data acquisition system.

The common rail was pressurized by an externally
powered Bosch CP3 high pressure radial pump. A Bosch
piezoelectric injector was fitted to the engine with a custom
machined nozzle to work with the OEM combustion chamber.
The injector spray pattern is asymmetric, with the angle
reducing from 85° to 50°. A National Instruments DI Driver
and Port PFI Driver were interfaced through NI Compact Rio
to control the rail pressure, injection timing, number of injec-
tions, and engine RPM through closed loop PID control.
Intake air flow rates were measured with a Meriam Z50MC-2

IGEETEEREN The instrumented cylinder head

Kistler
Pressure
Transducer
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Head
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TABLE 9 Specifications of the CRDI Research Engine

Parameter  vale |
Peak Power 17kW @ 2200RPM
Peak Torque 775 Nm @ 1400 RPM
Bore X Stroke N2 mm x 115 mm
Displacement 1L
Number of Cylinders 1
Valves per Cylinder 2
Compression Ratio 16:1
Number of Strokes 4
Injector Nozzle 7x 0115 mm
Direct Injection System Common Rail
Direct Injection Pressure 800 bar
Coolant Water

laminar flow meter. The electronic measurement system inter-
faced to this unit accounted for the atmospheric conditions.

Realtime analysis of the engine’s performance was
performed with AVL Indicom software. This allowed for
evaluation of the engine’s combustion performance including
monitoring the combustion phasing (CA50), the Coefhicient
of Variation (COV), and Pressure rise rate (PRR). A hydraulic
dynamometer coupled to the engine’s crankshaft was used to
apply a load to the engine (measuring brake torque using an
Omega TQ513 torque cell). A schematic of the components of
the research engine including emissions equipment is provided
below (Fig. 12). The engine specifications are presented below
in Table 10.

m Experimental Engine Instrumentation

and Equipment

Supercharger
>

EGR Cooler|
EGR Flow Valve |

MKS FTIR
21 Species

Soot Sensor

-

Hydrauic Dynamometer

Experimental Single-Cylinder Engine
112 mm bore

For this experimental research, the engine was operated
naturally aspirated in conventional diesel combustion (CDC)
at 1500 RPM with a constant load of 4 bar Indicated Mean
Effective Pressure (IMEP). The fuel was injected in a single
pulse, with the Start of Injection (SOI) being varied for each
test point. A total of seven test points were conducted: IPK at
15°,20° and 25° SOI, and ULSD at 10.8°, 15°, 16°, and 20° SOI.
These timings for IPK were chosen to keep CA50, CoV, and
PRR within acceptable limits for this engine. Timing for
ULSD test points was adjusted to match CA50 with two of the
IPK test points, as well as matching injection timing with IPK
at two test points. ULSD was not injected at 25° in order to
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keep CA50 within acceptable limits. The summary of test
points is provided in Table 10 below.

TABLE 10 Injection Parameters (Rail Pressure 800 bar, load 4
bar IMEP)

Injection Injection CA50

Injection Timing Timing Duration (ATDC)

(°BTDC/CAD) (CAD) ((9.10)] ((7.10)]
ULSD 10.8 / 349.2 10.8 5.70 3.72
ULSD 15/ 345 15.0 6.48 2.38
ULSD 16 / 344 16.0 6.41 0.37
ULSD 20/ 340 20.0 6.20 -5.34
IPK 15/ 345 15.0 6.79 10.87
IPK 20/ 340 20.0 6.19 4.86
IPK 25/ 335 25.0 6.51 0.34

Combustion Pressure and
Ringing Analysis in the CRDI
Engine

A P-V diagram is given below in Fig. 13, with the injection
and valve timings indicated. The piston displacement is given
in terms of the crankshaft radius, where TDC equates to 0

displacement, and BDC equates 2x the crank radius. Pressure
is given in bar.

m P-V diagram with injection timing
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Combustion pressure is illustrated below in Fig. 14. Here,
the effect of advancing injection timing is evident, as peak
combustion pressure advances closer to TDC with advancing
injection timing. Additionally, the maximum pressure was

m Combustion Pressure for All Test Points

70 T T T T T
I ULSD 10.8 SOI | 3 ‘
| =—ULSD 15 SOI
60 L| —ULSD 16 SOI
| | ==——=ULSD 20 SOI
[ | =—1PK 15 SOI
[ IPK 20 SOI
=——1PK 25 SOI

40 |

30 |

Cylinder Pressure (bar)

20 |

observed to increase with advancing injection timing. For IPK
at 15° and 20° SO, the peak pressure was observed well after
TDC before rapidly rising as IPK combustion completed. At
15° SOI for IPK, the cylinder pressure was observed to reduce
after TDC before rising to the peak pressure. The long ID and
CD of IPK cause this delay in combustion until significantly
after TDC. However, with the advance of injection timing, the
peak pressure location was shifted closer to TDC, more closely
matching the trends of ULSD. When matching injection timing
for IPK and ULSD, peak combustion pressure was delayed by
16.6% and 7.2% for 15° BTDC SOI and 20° BTDC
SO, respectively.

Results for peak pressure analysis are given in Table 11.
When comparing the researched fuels at matched injection
timings, IPK exhibited lower peak pressures that occurred
significantly farther after Top Dead Center (TDC) than ULSD.
The Pressure Rise Rate (PRR) refers to the rate at which
pressure increased in bar per crank angle degree (CAD).

TABLE 11 Peak Pressure and Ringing during combustion

Injection Peak Pressure Ringing
Timing Peak Pressure rise rate Intensity
MW/
(o7.1»)) m?)

(°BTDC / Pressure Location (bat/

CAD) (bar) (CAD)

ULSD 10.8/ 57.62 366.72  6.22 1.49
349.2

ULSD 15/ 345 6119 365.46  6.64 1.44

ULSD 16 /344 63.41 364.74  6.47 1.92

ULSD 20/340 66.24 362.22 775 1.98

IPK 15/ 345 5102 373.38 3.96 0.43

IPK 20/340 61.48 367.26 7.83 1.48

IPK 25/335 6747 363.48  1.37 3.22
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Higher PRR indicates more rapid combustion rate and faster
combustion progression throughout the combustion chamber
as the diffusion flame at each injector spray mixes with air
[57]. With IPK, this occurs when the injection timing is
advanced such that the physical and chemical ignition delays
have had time to occur, allowing a more homogeneous
mixture to be produced throughout the cylinder, with
combustion beginning as the piston is still in the compression
stroke [36]. This is evident as injection timing increased for
IPK, PRR increased from 3.54 bar/CAD at 15° BTDC SOI to
10.28 bar/CAD at 25° BTDC SOI. The chemical ignition delay
inherent in IPK due to the low ratio of n-paraffin to iso-
paraffin content [11, 58, 59] is mitigated by the advanced injec-
tion timing. Therefore, as timing was advanced to 20° and
beyond, due to the high volatility and ability to form a homog-
enous air/fuel mixture within the combustion chamber before
autoignition, IPK exhibited a greater PRR.

When comparing the fuels at matched combustion
phasing (CA50), ULSD was injected at 10.8° BTDC to match
with IPK at 20° BTDC, and at 16° BTDC to match with IPK
at 25° BTDC. In both matched CA50 cases, the peak pressure
location aligned closely between ULSD and IPK; however, the
peak pressure was significantly higher for IPK when compared
to ULSD. PRR for IPK was also higher when combustion
phasing was matched.

Also given in Table 11 is the Ringing Intensity (RI) for
each of the test points. Ringing intensity was determined with
Equation 5 using peak pressure, PRR, and peak temperature.
The constant f was set at 0.05 determined from literature [60].
Ringing intensity is seen to increase with advancing injection
timing. When matching injection timing, IPK exhibits lower
ringing intensity than ULSD. However, when matching
combustion phasing with ULSD, RI for IPK increases rapidly
with advancing injection timing.

RI=
(27Poux)

YRT, s (5)

Apparent Heat Release Rate
and Low Temperature Heat
Release in the CRDI Engine

The AHRR was obtained from the measured combustion
pressure using the model in Equation 6. This model applies
the first law of thermodynamics to a closed system with a
homogeneous mixture operating under the ideal gas law
during the compression and expansion strokes.

dQ_ 1 dP y L dv
0 (7-1) do (r-1)" do ©

The full apparent heat release rate plot encompassing
injection and main combustion events for all test points is
provided below (Fig. 15).

m Apparent Heat Release Rate for All Test Points
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IPK is observed to have a sharper rise in AHRR compared
to ULSD, particularly at advanced injection timings. This is
correlated with the PRR and RI analysis, where advancing
injection timing allows for mitigation of the chemical delay
resulting in rapid heat release from the combustion event.
With the earlier injection timing, the energy drop due to the
vaporization of the fuel occurs earlier in the compression
stroke. This allows more time for the air/fuel charge to reach
a combustible mixing before the piston reaches TDC [61]. The
higher temperature and pressure of the mixture resulted in a
shorter chemical ignition delay and a more rapid combustion
[22]. Additionally, IPK’s peak AHRR was significantly higher
than that for ULSD when matching injection timings.

The values for peak AHRR and peak AHRR location,
CA50, and CoV are provided in Table 12 below. When
matching CA50 at 360.4° (ULSD at 16° SOI and IPK at 25°
SOI), the peak heat release rate for IPK was 74.7% greater than

TABLE 12 Peak AHRR, CA50, and CoV during combustion

Peak
Peak Heat
Injection Heat Release
Release Rate CAS0

Timing

(°BTDC/ Rate (J/ Location (ATDC)
CAD) CAD) (CAD) (CAD)  CoV (%)
ULSD 108/ 10837 36060 3.72 318
3492
ULSD  15/345 1120 35772 238 257
ULSD  16/344 109.08 35700 0.37 2.80
ULSD  20/340 12156  354.66 -534 295
IPK 15/45 1823 37032  10.87 215
IPK 20/340 159.86 36474  4.86 2.21
IPK 25/335 19054 36024 034 210
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ULSD. However, Peak AHRR location was 357° for ULSD and
360.24 for IPK. This was also observed when matching
combustion phasing near 364°, where ULSD again had a lower
peak heat release rate, but the location of peak AHRR was
advanced compared to IPK.

Furthermore, for IPK, CA50 was observed to closely
follow the location of peak heat release, with a deviation of
less than 0.60° CAD. This trend was not observed with ULSD,
where CA50 consistently occurred several CAD after the
location of peak heat release rate.

Examining only the LTHR region of combustion, signifi-
cant variation in the duration of LTHR is observed.
Furthermore, IPK exhibited extended duration in LTHR due
to the thermophysical properties and long ID and CD as found
in the CVCC.

For a clearer analysis of the LTHR of the researched fuels,
AHRR plots of ULSD at 16° SOI and IPK at 25° SOI, as well
as ULSD at 20° SOI and IPK at 20° SOI are presented below
(Fig. 16 and Fig. 17). In these figures, a defined decrease in the
AHRR is seen to coincide with SOI, followed by oscillations
in AHRR as the in-cylinder pressure sensor is buffeted by
pressure waves from the injection event.

After the injection event is completed, a distinct decrease
in AHRR is observed coinciding with the physical ignition
delay as the vaporizing fuel droplets are dispersed through
the combustion chamber, absorbing heat from the cylinder
walls and compressed air charge [57]. As the mixing fuel/air
charge continues to compress, the AHRR reaches a point of
inflection signifying the end of the physical ignition delay and
the start of the chemical ignition delay. At this point, AHRR
begins to rise as the chemical ignition delay and exothermic
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reactions take place [62, 63]. Similar to the combustion regions
as defined in the CVCC, when the AHRR becomes positive
in value, the cool flame formation of LTHR has begun.
Following a peak in cool flame formation, a decrease in AHRR
is exhibited by the NTC region. When the AHRR again
reaches the value of the first peak during cool flame formation,
High Temperature Heat Release (HTHR) begins.

For IPK at all injection timings, there are a greater
number of oscillations after the injection event in NTC region,
suggesting that multiple jets reach the LTHR and NTCR
sequentially. The geometry of the piston bowl and injector
nozzle is such that the sprays encounter air with differing
temperature and turbulence profiles, resulting in some sprays
beginning premixed burn earlier than others. This is observed
as oscillations in the AHRR calculated from the pressure trace
as the in-cylinder pressure transducer is buffeted by shock-
waves from the localized combustion events. Upward trends
in AHRR represent the formation of cool flames releasing
energy, while the downward trends in AHRR represent a
slowing in the combustion process as energy is predominantly
absorbed by the vaporization and mixing of the fuel. This
oscillating phenomenon is not as pronounced with ULSD (Fig.
16 Fig. 17), due to its slower atomization and vaporization
qualities, which result in delayed formation of combustible
A/F ratio pockets and fewer oscillations in AHRR before the
premixed combustion event. However, due to the overall
decreased ID for ULSD, the bulk premixed combustion event
occurs sooner than for IPK.

When injection timing was matched between ULSD and
IPK (Fig. 17), IPK’s extended physical and chemical ignition
delay is clearly observable, as well as the extended duration
in LTHR compared to ULSD. When CA50 was matched with
ULSD at 16° BTDC SOI and IPK at 25° BTDC SOI, the LTHR
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region in Fig. 17 clearly reveals the greater ignition delay
of IPK.

Emissions Analysis

An analysis was conducted on the emissions produced by the
engine at each of the test points with both researched fuels.
Results of this analysis provide critical insight into the viability
of alternative fuels for reducing greenhouse gas pollution.
Furthermore, these emissions results allow for a more
complete understanding of the combustion characteristics of
the F-T fuel IPK in a CI engine. Emissions analysis was
conducted using a 21 species MKS FTIR for measurement of
NO,, CO, CO,, and Unburned Hydrocarbons (UHC). Soot
was measured using an AVL 415s Smoke Meter.

It is seen in Fig. 18 that NO, was reduced with IPK when
matching injection timing. However, when matching CA50
with ULSD, greater concentration of NO, was observed with
IPK at the same load. This is due to the higher temperatures
associated with combustion at the higher pressures that IPK
exhibited when matching CA50 with diesel. This is also
responsible for the general trend across all test points as injec-
tion timing was advanced, more NOx was produced, which
is supported by literature [64]. Soot emissions are seen to
decrease with IPK compared to ULSD (Fig. 19). When
matching CA50, soot was particularly reduced with IPK.

The tradeoff plot of NO, vs Soot emissions is presented
below Fig. 20. NO, is seen to increase with advancing injection
timing while soot emissions are observed to decrease.

CO, emissions for IPK were slightly reduced at 20° SOI
when matching either injection timing or CA50 with ULSD.
However, at further advanced timing of 25° SOL, IPK produced
more CO, compared to ULSD at matched CA50. When
matching injection timing at 15° SOI, IPK produced slightly
more CO, than ULSD (Fig. 21).
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Emissions of CO were significantly increased for IPK
across all injection timings (Fig. 22). Furthermore, for both
ULSD and IPK, a reduction in CO emissions is seen with
advancing injection timing. The greatest reduction in CO is
observed when advancing timing such that peak pressure
occurred above 61 bar, which occurs for ULSD at 15° SOl and
for IPK at 20° SOL

The UHC emissions from the engine are provided below
in Fig. 23. IPK is seen to produce more UHC than ULSD across
all test points. Correlating with UHC emissions, combustion
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efficiency is an indication of how completely the fuel was
combusted in the engine (Fig. 24). Combustion efficiency was
calculated using Equation 7 where the energy carried out of
the engine by the mass fraction of combustible species (x;) is
compared to the total energy content of the fuel. The subscripts
a and f denote air and fuel, respectively, while Qyy refers to
the lower heating value of the species. Accepted heating values
for CO and H, of 10.1 M]/kg and 120 M]J/kg were used, respec-
tively. The fuel heating value was used for the unburned hydro-
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For IPK, the combustion efficiency was between 91.5%
and 92.5%, while ULSD’s combustion efficiency was higher
at 95-96%, indicating more complete combustion due to the
combustion chamber geometry and the physical and chemical
properties of the fuel.

The Brake Specific Fuel Consumption (BSFC) was calcu-
lated Fig. 25, taking into account the different densities of the
fuels. At the constant load of 4 bar IMEP, IPK exhibited a
reduction in BSFC for all injection timings, favoring 20° SOI.

Summary/Conclusions

The Fischer-Tropsch CTL fuel IPK was researched for poten-
tial applications in CI engines with modified injection strategy.
Several analyses were conducted in the laboratory to investi-
gate each fuel’s thermophysical properties and combustion
characteristics before the fuel was investigated in a CRDI
single-cylinder research engine. Physical and chemical
ignition delay, combustion delay, apparent heat release rate,
combustion pressure, pressure rise rate, fuel consumption,
and 21 species emissions and soot were evaluated at a constant
load of 4 bar IMEP, with variable timing of a single
injection pulse.

Analyzing the thermophysical properties of the fuels
revealed that IPK’s low viscosity and density gives it distinctly
favorable spray atomization quality which enhances droplet
distribution and mixture formation. This combined with IPK’s
high volatility results in a reduced physical ignition delay in
the engine compared to ULSD. The chemical ignition delay
was found to be longer for IPK due to the chemical properties
of IPK that require more time to begin exothermic reactions
in the combustion chamber. Specifically, the low ratio of
n-paraffins to iso-paraffins and high concentration of
branched chain alkanes resist auto ignition and together with

the very low DCN of approximately 26, cause this extended
ignition delay.

For two test points per fuel, injection timing was matched
between IPK and ULSD at 15° BTDC SOI and 20° BTDC SOI.

* Peak combustion pressure was delayed significantly for
IPK when matching injection timing. This is due to the
long ignition delay experienced by IPK which requires
more time for combustion to occur. Pressure rise rate
was lower for IPK at 15° SOI compared to ULSD at 15°
SOI, but as timing was advanced to 20° and beyond, IPK
exhibited a greater PRR due to high volatility and ability
to form a highly homogenous air/fuel mixture within the
combustion Ringing intensity was less for IPK than
ULSD when matching injection timing.

* AHRR for IPK was greater than ULSD when matching
injection timing, however due to the long ignition delay
as supported by research in the CVCC, peak AHRR for
IPK is later than ULSD.

* In emissions analysis, IPK at matched timing with ULSD
produced less NO,, and at 20° exhibited in soot and CO,.
For all injection timings studied, CO and UHC
increased with IPK compared to ULSD. BSFC was
reduced for IPK in all cases.

For two test points per fuel, injection timing was adjusted
to match CA50 with IPK and ULSD in the following cases:
ULSD at 10.8° BTDC SOI and IPK at 20° BTDC SOI; and
ULSD at 16° BTDC SOI and IPK at 25° BTDC SOL.

e Peak combustion pressure for IPK occurred much closer
to ULSD peak pressure when matching combustion
phasing. Because the fuel charge had more time in the
combustion chamber before ignition, the extended
ignition delay of IPK was mitigated. However, ringing
intensity was observed to increase with increasing
injection timing for IPK.

* AHRR for IPK was also greater than ULSD when
matching CA50. Additionally, the location of peak
AHRR followed very closely the location of CA50 for
IPK, a trend not observed with ULSD.

* In emissions analysis, IPK matched CA50 with ULSD
produced more NO,. However, soot was significantly
reduced compared to ULSD at the same combustion
phasing. CO, was reduced for IPK at 20° BTDC SOI
compared to ULSD at 10.8° BTDC SOL.

For all injection timings studied, IPK exhibited more
oscillations in the AHRR curve before the LTHR region
compared to ULSD. This is due to the chemical reactions that
take place during the chemical ignition delay stage before the
AHRR increases above 0. Furthermore, during LTHR combus-
tion, IPK exhibited two regions of cool flame formation and
NTCR, which was not observed with ULSD at any injection
timing studied.

IPK exhibited more favorable combustion characteristics
when the injection timing was advanced compared to the
default injection timing for the CRDI research engine
platform. The advanced injection timing allowed time for the
chemical ignition delay to occur. Some key GHG emissions



were reduced with the use of IPK, including CO,, NO,, and
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soot at certain injection timings. CO was increased at all injec-
tion timings studied. BSFC was reduced with IPK in all cases.
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TGA - Thermogravimetric Analysis

UHC - Unburnt Hydrocarbons

ULSD - Ultra-Low Sulfur Diesel
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