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ARTICLE INFO ABSTRACT

Keywords: A study was conducted to determine the characteristics of Low Temperature Heat Release, Derived Cetane
cvee Number, and the Vibrations, produced by the combustion of aerospace F24 using Jet-A as a baseline in a Con-

F24 stant Volume Combustion Chamber. The Ignition Delay and Combustion Delay for F-24 were found to be 4.04 ms
]I:ITFI({:I; and 5.71 ms with a DCN resulting at 43.77. Jet-A was found to have a larger DCN of 47 with an ignition delay and
Combustion phasing combustion delay of 3.35ms and 5.14 ms. F24 has an extended region of cool flame and releases more of its
NVH energy during LTHR than Jet-A, however has a much shorter NTCR than that of Jet-A. From the NVH analysis it

was found that there exists a strong correlation between the ID and CD phases and their respective NVH spec-
trum. It was found that the magnitude of the ringing for Jet-A was 3x higher than that of F24. Meanwhile, the
magnitude of vibrations produced by Jet A was approximately 0.5g greater than those produced by F24’s
combustion which correlates well with the higher peak value of AHRR for Jet A and also with higher ringing

produced by Jet A compared with F24.

1. Introduction

Combustion engine technology has a wide range of applications,
both commercial and noncommercial. The implementation of hydrogen
as a clean burning fuel has not yet made the necessary progress to
replace conventional petroleum fuels. While there have been de-
velopments in electrical aerospace propulsion systems, there is still years
of work before a complete transition to electrical power can be made
[1]. For both electrical and hydrogen power, there is a current lack of
necessary resources to remove the global dependency on fossil fuels.

Jet-A is the petroleum fuel most common in aerospace applications
and is defined by the ASTM standard D1655. F24 is modified from its
parent fuel, Jet-A, for non-commercial applications using specialized
additives for corrosion inhibition, increased lubricity, and dissipation of
static charge [11].

In this study, the combustion instabilities, Low-Temperature Heat
Release (LTHR) region, and Negative Temperature Coefficient (NTC)
regions were investigated for the aerospace fuels Jet-A and F24. These
regions have a significant impact on the performance of turbine engines
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as it has been shown that the lean blowout limit in a gas turbine is
directly linked to the LTHR properties through the Derived Cetane
Number (DCN) [2]. Furthermore, complex strategies have been imple-
mented in engines to extend the period of LTHR for the purposes of
decreasing harmful emissions and increase engine performance [3-10].
In this study, the combustion characteristics of a baseline Jet-A are
compared to the fuel F24 for the differences in the low temperature heat
release regions and the NVH (ringing oscillations) in a CVCC.

2. Literature review

2.1. Chemical composition of aerospace fuels and the effect of fuel
properties

One of the primary factors which contributes to the DCN, auto-
ignition and low temperature heat release characteristics, is the chem-
ical composition of the fuel [12]. The difference between the n-paraffins,
iso-paraffins, cycloparaffins, naphthalenes, and aromatics as well as the
variations between the different branch chain iso-paraffins greatly in-
fluence the fuel’s combustion. A study conducted by Wang et al. [11],
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Nomenclature LHR Lower Heating Value
LTC Low Temperature Combustion

AHRR  Apparent Heat Release Rate LTHR Low Temperature Heat Release

CD Combustion Delay MFB Mass Fraction Burned

CI Compression Ignition NTCR Negative Temperature Coefficient Region

CcvcC Constant Volume Combustion Chamber NVH Noise Vibration Harshness

DCN Derived Cetane Number PRR Pressure Rise Rate

DTA Differential Thermal Analysis RI Ringing Intensity

Dv(x) Droplet size in pm at x% of the total fuel injected SMD Sauter Mean Diameter

EOC End of Combustion SoC Start of Combustion

HHV Higher Heating Value SOI Start of Injection

1D Ignition Delay TAx Temperature at which x% of fuel’s mass is vaporized

IPK Iso-paraffinic Kerosene TGA Thermogravimetric Analysis
looked at the variations in the chemical composition of a variety of
different conventional and synthetic aviation fuels and their effect on Table 1
the autoignition behavior of that fuel. This study concluded that the Hydrocarbon Percentages for Jet-A and F24 [9].
fuels which contained a higher weight percent of linear n-paraffin and Hydrocarbon Species F24 (%) JetA (%)
light, branched chain iso-paraffin hydrocarbons displayed more signifi-
cant low temperature combustion regions. Para.fﬁns 49.57 49.74

: . Olefins 10.93 6.58

A study conducted by Elmalik et al. [13], quantified the role of hy- Cyclohexanes 15.5 10.07
drocarbons on Gas-to-Liquid (GTL) fuel characteristics. The study Alkylbenzenes 11.47 13.55
focused on the primary hydrocarbon building blocks of n-, iso-, and Naphthalenes 15 2.54
cyclo- paraffins. The researched properties included density, freezing Bicyclics 1.68 1.32

. . . . Oxygenates 0.32 2.16
point, and flash point. The study also found that aromatics are of pri- Cymeness 0.79 0.75
mary concern when looking at the emissions output of the researched Xylenes 0.81 2.67
fuel. Cyclo-paraffins were found to cause a significant increase in the Alkynes 0.09 0
fuel’s density as well as reducing the fuels’ heat of combustion at higher Other Compounds 0.1 0.5

concentrations. Different hydrocarbons and other chemical compounds
could be determined through hock tube pyrolysis. To quantify the hy-
drocarbon composition, gas chromatography is one of the more common
method to identify the weight of the component hydrocarbons in the fuel
[14-18]. From the gas chromatograph in Fig. 1, it is hard to find sig-
nificant differences between the chemical composition and hydrocarbon
distribution between Jet-A and F24. Both Jet-A and F24 contain a
complex series of hydrocarbons which can be reflected in the thermo-
physical properties of each fuel.

Meanwhile, Table 1 based on the work in [9], contains, the per-
centages of different chemical compounds in F24 and Jet-A. There is a
notable higher percentage of olefins and cyclohexanes in F24 over Jet-A.

Olefins produce lower luminosity cool flames with an extended in-
duction period [31] that has also been confirmed in this paper. The
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Fig. 1. Gas Chromatography for Jet-A and F24 [19].

molecular weight of F24 was found slightly higher than Jet-A at 167.6 g/
mol compared to 158.6 g/mol for Jet-A. Additionally, F24 has a higher
hydrocarbon ratio of 1.945 as opposed to 1.91 for Jet-A [19]. These
differences in the composition of Jet-A and F24 would reflect upon the
applications of each fuel. While the general assumption is that these
fuels are equivalent, the differences in their applications and behavior in
the engine is paramount to providing context for this study.

2.2. Jet-A and F24, differences between non-commercial and commercial
application aerospace fuels

Jet-A and F24 are both petroleum derived and refined aviation fuels.
Jet-A is commonly found in the commercial sector, while F24 is pri-
marily a military fuel. The additives used in F24 are specialized, as
outlined in the introduction, and are assumed to create no functional
difference between the two fuels [9]. In a study regarding the possible
chemical alteration due to the additives in F24 [9], shock tube experi-
ments were performed on the oxidative decomposition of F24. These
experiments were conducted at 50 bar and a temperature range of 800 K
to 1300 K, and an equivalence ratio of 0.93. That study stated that there
were no major functional differences between the combustion of Jet-A
and F24, and, as such, used Jet-A as their fuel model for combustion
simulation of F24 and Alcohol-to-Jet (ATJ) fuel blends. In this study, the
combustion chamber was primed at slightly different parameters based
on the ASTM D7668-14.a Testing Standard and the results were also
different as presented in the following chapters. Wall temperature and
chamber pressure was set to 868.5K and 20 bar respectively, with an
injection pressure and pulse width of 1000 bar and 2.5 ms.

The same additives which make Jet-A into F24 are used to make
another military aviation fuel, JP-8. In a study by Kumar et al. [20] the
autoignition characteristics of Jet-A and JP-8 were measured with a
Rapid Compression Machine (RCM) with variations in the equivalence
ratio, pressure, and temperature. JP-8 was determined to have an overall
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longer ignition delay time when compared to Jet-A at low temperatures.
It was then observed that with the increase in the pressure, the differ-
ence in ignition delay times decreased.

A further study by Manigandan et al. [21] researched the impact of
blending alternative fuels such as ethanol, pentanol, and two different
biofuels on the combustion properties of Jet-A. The study found that the
fuel blends with Jet-A changed thrust specific fuel consumption. Ther-
mal efficiency increased with the addition of ethanol as this increased
the oxygen content of the reactant species. Through the addition of these
compounds to Jet-A, greenhouse gas emissions generated during com-
bustion were decreased. One of the major factors which is changed with
the addition of the alcohol fuel is the autoignition characteristics.

2.3. Autoignition characteristics

The autoignition characteristics are primary to the functionality of
any engine which are reliant on these characteristics for proper timing,
efficiency, and power [22-29]. In a study by Kang et al. [24], the
autoignition characteristics of Jet-A surrogates were modeled and vali-
dated in both a motored engine and a constant volume combustion
chamber. Two different surrogate fuels comprised of different molar
percentages of pure component hydrocarbons (n-dodecan, isocetane,
methylcyclohexane, decalin, and toluene) were used to replicate avia-
tion Jet-A considering both physical and chemical processes. Observed
characteristics were the critical compression ratio and equivalence ratio
as well as the % of low temperature heat release. It was found that the
different surrogate fuels were comparable to the target fuel with slight
trade-offs in the accuracy of different parameters as the researched fuels
were altered.

Another study conducted by Cheng et al. [28] studied the auto-
ignition behavior of gasoline-ethanol blends in a rapid compression
machine as well as in a homogeneous charge compression ignition en-
gine. This was done to validate experimental results in both a controlled
environment and in practical, engine-relevant conditions. The study
measured autoignition characteristics through the measurement of
ignition delay and primary heat release for blends ranging from 0% to
30% by volume of gasoline and ethanol. Differences between the end of
LTHR and the start of high temperature heat release (HTHR) were
minimal between the rapid compression machine and the HCCI engine.
The study highlights the importance of the characterization of LTHR
regions of a fuel for developing new designs and combustion strategies.

2.4. Low-temperature heat release (LTHR) region

The main combustion regions investigated in this study are the Low
Temperature Heat Release (LTHR) and Negative Temperature Coeffi-
cient (NTC) region. These regions are associated with the formation of
cool flames [30]. These cool flames are described as areas in which only
a small amount of the reactants combust before being quenched. These
flames emit a faint blue light and can occur multiple times during low
temperature combustion. These cool flames are then followed by hot
flames associated with a high temperature heat release. These two stages
of combustion are known as two-stage ignition [31,32]. Derived cetane
number is a value which relies on the duration of low temperature burn.
Additionally, this region of low temperature combustion plays a role in
the emission output [33]. The LTHR region and low temperature igni-
tion (LTI) have been found to have a strong connection to the functional
combustion chamber thermodynamic parameters. Factors which affect
the LTHR region of a specific fuel include the combustion chamber
temperature, pressure, equivalence ratio and the chemical composition
of the fuels [33,33-35]. A parametric study by Soloiu et al. [36] on the
pressure, temperature, injection pressure and duration in a constant
volume combustion chamber to determine the effect of initial thermo-
dynamic conditions on LTI and low temperature combustion with IPK.
Internal fuel properties such as the molecular size, structure, bond en-
ergy, and functional group can also have an effect on low temperature

Energy Conversion and Management 263 (2022) 115687

combustion properties [33]. In a study by Colket et al. [37] the low
temperature combustion correlated the lean burnout limit to derived
cetane number.

The LTHR region has been linked also to the reduction of harmful
greenhouse gas emissions [5]. Multiple strategies based on the low
temperature combustion region have been researched and include ho-
mogeneous charge compression ignition (HCCI) [4], premixed charge
compression ignition (PCCI) [7], and reactivity-controlled compression
ignition (RCCI) [38]. Each of these combustion strategies are aimed at
reducing the pressure rise rate while increasing the area of low tem-
perature combustion and resulting in emissions’ reduction [38-42].
Additionally, the duration of low temperature combustion has been
linked to the vibrations caused by combustion [43].

2.5. Combustion instabilities induced noise and vibrations

Noise and vibrations induced by combustion instabilities are a major
concern with regard to the performance of the propulsion systems as
mentioned also by [44]. Combustion instabilities which cause ringing
and other post-combustion shock waves are understood to have also an
influence on harmful emissions generation [44-46].

Combustion instabilities can be categorized into static and dynamic
instabilities. In gas turbines, static instabilities are identified as flame
blowout and flashback. In gas turbines, blowout occurs when the speed
of the airflow in the turbine is too large and exceeds flame speed,
extinguishing the flame. Flashback is the opposite; this is when the flame
speed exceeds the airflow speed and changes the direction of the flow.
Both of these conditions are caused by combustion instabilities leading
to a reduction in performance and increase in emissions. Acoustic fluc-
tuations of pressure generated by the combustion events cause pressure
waves. These fluctuations can be further analyzed by investigating the
heat release of the combustion event. In order to keep these fluctuations
of pressure to a minimum, different techniques in gas turbines are uti-
lized. These techniques are utilized to lower NOy emissions while not
needing to introduce complex pulse-injection techniques or after treat-
ment systems [47-49].

Dynamic instabilities which occur after the main combustion event,
are called ringing events, and can be measured from pressure oscilla-
tions. The ringing phenomena is the structural response of the com-
bustion chamber to a very rapid cylinder pressure rise, and ringing
includes some combustion events that occur after the main combustion
event [50,51]. High levels of ringing cause thermal efficiency losses and
damages engine parts, leading to much shorter engine lifespans [52]. In
the combustion chamber, the combustion instabilities can be deter-
mined from the vibrations of the combustion chamber. These vibrations
are measured using highly specialized instrumentation.

This study will focus on the dynamic instabilities caused by the
combustion event with a Noise, Vibration, and Harshness (NVH) study,
analyzing the unwanted pressure fluctuations occurring after high
temperature heat release in the constant volume combustion chamber.

NVH investigations have been conducted on gas turbines to specif-
ically identify the vibrations produced from combustion instabilities.
Combustion noise was found to be produced in a frequency range of
200-600 Hz in gas turbines as determined by Dowling et al. [53].

A study conducted by Wissink et al. [54] investigates the frequency
composition of pressure oscillations and their relationship to different
combustion modes. Experiments were conducted on heavy duty engines
in different combustion strategies. It was found that the power contained
in resonant frequency modes was profoundly influenced by the heat
release event. In a study by Soloiu et al. [55], two aviation fuels, Jet-A
and Isoparaffinic Kerosene (IPK), were used to investigate the NVH
and emissions produced from a drone jet engine. IPK has a relatively low
DCN and an extended ID and CD when compared to Jet-A. Little to no
oscillations were discovered in the pressure trace of IPK in the CVCC
analysis when compared to Jet-A. The noise, vibrations and emissions
were measured in relation to the rpm on the turbojet for both Jet-A and
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IPK. It was found that the vibrations produced by combustion in-
stabilities of IPK were significantly lower than of Jet-A. This was then
correlated to a drop in the GHG emissions produced by IPK in compar-
ison to Jet-A. Soloiu et al. in [56] found that vibration’s signatures of
Jet-A, produced by the turbojet main shaft, three exhaust exit fins,
twelve compressor blades, and twenty-four turbine blades, the overall
frequency produced by each component increased by 1.13%, 1.17%,
1.15%, and 1.01% respectively as the RPM increased to 70,000 RPM.
With the increase in operational speed of the turbojet engine from
60,000 to 70,000 RPM, the sound pressure magnitude increased
throughout the entire frequency spectrum. The vibrations signatures
produced from the combustion of Jet-A in the turbojet engine consisted
of diminished magnitudes as the upper regions of operation were
reached such as at 25.6 kHz. The greatest magnitudes of vibrations on
average occurred at the lower operational range of the turbojet engine
which is approximately 0 kHz to 8 kHz.

For this experimentation fuels were evaluated in a Petroleum Anal-
ysis Company (PAC) constant volume combustion chamber (CVCC),
Brookfield digital viscometer, Shimadzu Thermogravimetric Analysis
and Differential Thermal analysis, and a Malvern He-Ne Mie scattering
laser to determine the correlation between fluidic fuel properties and
combustion characteristics.

This study has been conducted with the goal of bringing a contri-
bution to the understanding of the low-temperature heat release phe-
nomena and negative temperature coefficient region (NTCR) and their
correlation between the high temperature heat release region (HTHR),
ringing intensity, and induced vibrations due to combustion in-
stabilities. This is a comprehensive and novel study initiated from the
debate between the operational similarity of Jet-A and F24 in aerospace
turbine engines and the detailed combustion properties. Our study
analyzed the fuels’ properties and correlated with combustion charac-
teristics and combustion phasing for the same POSF numbers. We found
significant differences between both the thermophysical properties and
the durations for the LTHR, NTCR, and HTHR of Jet-A and F24.

3. Results and discussion
3.1. Thermophysical properties of researched fuels

The thermophysical properties of the two fuels were determined in
order to analyze fluidic properties and combustion phasing and their
correlations. The specific properties investigated in this study are the
viscosity, Lower Heating Value (LHV), Low Temperature Oxidation
through the Thermogravimetric Analysis (TGA) & Differential Thermal
Analysis (DTA), Sauter Mean Diameter (SMD), Ignition Delay (ID),
Combustion Delay (CD), and Derived Cetane Number (DCN) in a com-
plete and novel consolidation of thermophysical properties as seen in
Table 2.

3.2. Energy density determinations: Lower heating value
Determinations of the energy content for the researched fuels were

conducted using a Parr 1341 constant volume digital calorimeter as
shown in Fig. 2. This instrument is rated by the ANSI for the 0.3%
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Table 2
Thermophysical Properties of Jet-A and F24.
F-24 (19POSF13664) Jet-A (13POSF10325)
LHV (MJ/kg) 41.85 41.88
DCN* 43.35 46.99
Avg. ID (ms) 4.09 3.35
Avg. CD (ms) 5.79 5.14
Viscosity @ 40°C (cP) 1.37 1.20
SMD [pm] 18.7 17.59

*DCN determined in PAC CID 510 / All properties determined in the Aerospace
Laboratories, Georgia Southern University.

= L,/;_

Stirrer Shaft

and Impeller

Oval Bucket

Calorimeter Jacket
with Cover

Constant Volume
Calorimeter

Fig. 2. Parr 1341 Constant Volume Calorimeter [57,58].

precision class [57,58]. Approximately 500 mg of fuel was placed in a
constant volume crucible and was ignited by a fuse wire suspended
between two electrodes. The chamber was pressurized with O to 25 atm
and submerged into 2 kg of deionized water. A stirring shaft and ther-
mocouple are fixed on the lid of the jacket to get an accurate reading of
the change in temperature of the surrounding water to determine the
lower heating value for each of the researched fuels. Lower heating
value for each of the researched fuels were analyzed and averaged over 5
trials.

The average lower heating value for both fuels are approx. 41.85 MJ/
kg, +£0.1%. This lower heating value is dependent on the hydrocarbon
ratio of the fuel. A fuel which has a higher hydrocarbon ratio has been
correlated to a larger lower heating value [11,59,60].

3.3. Low temperature oxidation and differential thermal analysis

A Shimadzu DTG-60, shown in Fig. 3, was used to perform an
investigation of the vaporization rate using Thermogravimetric Analysis
(TGA) and the low temperature oxidation using a Differential Thermal
Analysis (DTA) for each researched fuel. The chamber was heated from
20 °C to 600 °C at a rate of 20 °C per minute. The furnace was purged

Furmace ﬂ
b -
Sample .
Holder N\ u
Furnace Base
Beam
Joint Section
Shutter
Coll
Magnet

X-Shaped Fulcrum
Photoelectric

Conversion Element
Lamp

Fig. 3. Shimadzu DTG-60.
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with air at a constant airflow rate of 15 mL/min. The TGA assessment is
one continuous test with temperature and mass measurements taken at
approx. 570 times per minute. The temperature step per measurement
was approx. 0.035°C, and the scale has a sensitivity of 0.01 mg with a
variation of + 1%.

For calibration purposes, an inert alumina powder was used as a
baseline for all investigations in the apparatus. The TGA measures the
percent reduction in mass of the fuel as the temperature is increased as
an indicator of the volatility of the fuel. Additionally, a DTA is conducted
to determine the endothermic and exothermic reactions of the fuel with
an increase in temperature.

Fig. 4 shows that Jet-A loses mass at a faster rate than F24, and this
difference corresponds to a fuel with a higher volatility. Higher volatility
is more favorable for combustion because as the fuel vaporizes, it pro-
duces a more homogeneous air—fuel mixture at lower temperatures
[61,62]. Table 3 shows a representative sample of temperature mea-
surements of the fuel’s volatility when 10%, 50%, and 90% of the fuel
mass is vaporized. This is then denoted by TA(10), TA(50), and TA(90).
F24 started to vaporize at 95 °C and was almost completely vaporized by
172 °C, while Jet-A began vaporization at a lower temperature of 82 °C,
and 90% of the sample was vaporized at 163 °C. This analysis shows that
even though Jet-A and F24 are presumed to have identical properties, a
detailed analysis found significant differences.

The DTA of the researched fuels can be seen in Fig. 5. This curve is a
representation of the energy that is absorbed and released as the fuel is
vaporized and respectively oxidized. A negative slope is an indication of
an endothermic process, and a positive slope indicates an exothermic
reaction. The slope of the curve relates to the speed at which this energy
is absorbed and released. This relates to the TGA analysis in Fig. 4 as the
faster energy can be absorbed, the faster the fuel vaporizes.

Fuels with a higher concentration of heavy hydrocarbons are less
volatile as those compounds have a generally higher boiling and freezing
point. The convex slope corresponds to endothermic reactions, while the
concave slopes correspond to the exothermic reactions as seen in Fig. 5.
This curve indicates the amount of energy being absorbed as heat energy
increases. The results show that the research fuels start releasing energy
around TA (90).

It can be seen from this determination that F24 absorbs more energy
to vaporize than Jet-A in addition to vaporizing at a slightly higher
temperature. Additionally, Jet-A contains a group of heavier hydrocar-
bons which vaporize at a higher temperature similarly to that of ULSD
[43] creating a second endothermic reaction between 300 °C and 500°

TA (10) 90 \ N
80 \\

0 \\
“ \\

TA (50) 50 \\
\
\

—F24
Jet-A

40

30 \
20

TA (99) 10 \

TGA [Mass% of the Fuel Sample]

0

0 50 100 150 200 250 300
Temperature [°C]

Fig. 4. TGA Analysis of F24 and Jet-A.
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Table 3
Thermogravimetric Analysis (TGA).
F24 Jet-A
TA (10) °C 94.9 81.67
TA (50) °C 142.1 129.53
TA (90) °C 172.1 163.00
5
—_—F-24
JetA
/\_“"n-._
0 \_f
=5 -5
E
>
2
S l
/R .10 \
-15 \
-20
0 100 200 300 400 500

TEMPERATURE [C]

Fig. 5. DTA Analysis of F-24 and Jet-A.

C. F24, however, has two additional areas of endothermic and
exothermic reactions at 250 °C to 350 °C and 425 °C to 550 °C though
these reactions have a lower magnitude than the second reaction in Jet-
A. In [9] the high temperature oxidations of Jet-A and F24 were deter-
mined to have very little difference in the shock tube, but in this paper
based on the detailed and precise results in TGA-DTA analysis at tem-
peratures below 600 °C and at the LTHR in CVCC at over 600 °C, there is
a significant difference in the low temperature oxidation rates of Jet-A
and F24.

3.4. Spray atomization, droplet distribution and mixture formation
investigations with a Mie scattering He-Ne laser system

A Malvern Spraytec He-Ne laser (632.8 nm wavelength) diffraction
system, as seen in Fig. 6, was used to determine spray droplet size and
distribution for each of the researched fuels. The fuels were injected
perpendicularly to the laser beam using a witness single orifice pintle-
type Bosch fuel injector positioned 100 mm from the beam with fuel
line pressure of 180 bar. 28 of the 36 Spraytec detector sensors (8 to 36)
were selected to detect diffracted light signals. Data acquisition was
achieved at a rate of 10 kHz starting 0.1 ms before the measurement
trigger and ending 5 ms after the trigger. The Fraunhofer diffraction and
Mie scattering theories were used to determine Sauter Mean Diameter
(SMD) and droplet distribution from the measured diffraction of the
laser.

The scattering of un-polarized laser light by a single spherical droplet
can be mathematically described by Eq. (1) [63].

I

=5pa (SO +507) o)

1(0)
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Fig. 6. Mie scattering He-Ne Malvern Spraytec Experimental Apparatus [36].

Where 1(0) is the total scattered intensity as a function of angle 6 with
respect to the forward direction, I is the illuminating intensity, k is the
wavenumber 27/A, a is the distance from the scatterer to the detector,
and S1(0) and S2(0) are dimensionless, complex functions describing the
change of amplitude in the perpendicular and the parallel polarized
light.

The Fraunhofer theory differs from Mie theory in that the optical
properties of the particle are not necessary. This allows for the practical
application of the theory to be used for the measurement of mixtures of
different materials and shapes. The equation for I1(8) simplifies to the
following formula, denoted in Eq. (2) [63], with the dimensionless size
parameter o = nx/A, where x represents particle size.
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SMD, also known as surface area weighted mean, was the sizing
method chosen to report the fuel droplet size because of the significant
role that surface area plays in atomization, mixing with air, and subse-
quent combustion.

For F24 and Jet-A, the average frequency at which droplets of spe-
cific size classes developed across multiple sprays was characterized by
the volume density (%) that each droplet size class represented of the
total spray volume. The ten sprays of F24 and Jet-A were also charac-
terized by average SMD measured as the spray developed over time
(10,000 measurements per second). A much better understanding of
these two spray characteristics can be gained by viewing the graphs
presented in Figs. 7 and 8.

The average SMD of Jet-A was found to be 17.59 ym, while F24 was
18.7 um as seen in Table 4. The droplet distribution of the fuels is
denoted by Dv(10), Dv(50), and Dv(90) which corresponds to 10%,
50%, and 90% of the total spray volume respectively. The spray distri-
bution is presented in Table 5.

3.5. Dynamic viscosity determination

An important factor in determining a fuel’s fluidic flow and spray
atomization characteristics is the fuel’s viscosity. Fuels that have a
higher viscosity will produce a spray with larger droplets [64,65].
Larger droplets have a smaller surface area to volume ratio leading to
slower or even incomplete combustion [60,65,66]. A Brookfield DV-
II + Pro rotational viscometer, as shown in Fig. 9, was used to determine
the viscosity of each of the researched fuels. The Brookfield DV-II + Pro
calculates the viscosity of the fuel by measuring the change in the torque
applied to the suspended spindle and shear stress in the fuel. De-
terminations of the dynamic viscosity of the fuel uses Eq. (3).

n=- 3)
14

The dynamic viscosity is represented as 5 in units of Pa*s, shear stress
is measured in N/m? represented by t, and the shear rate is y measured in
-1
s
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Fig. 7. Spray Droplet Distribution.
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Table 4
Average SMD.
F-24 Jet-A
SMD [pm] 18.7 17.59
Table 5
Particle Size by Volume.
Particle Size by Volume F-24 Jet-A
Dv (10) pm 9.96 9.85
Dv (50) pm 30.45 30.11
Dv (90) pm 133.33 133.45

The SC-18 spindle was submerged in approximately 7.0 mL of fuel
and rotated at a speed of 200 rpm. This spindle was chosen for its
compatibility with kerosene-type fuels. The fuel was then heated by a
double wall jacket of coolant to determine the drop in viscosity with the
increase in temperature. Viscosity was measured from 26 °C to 90 °C in
increments of 2 °C. Fig. 9 displays the variables for the calculation of the
shear rate and shear stress. These values were determined using Eq. (4)
and Eq. (5). R. and R, are the radii of the container and spindle and are
represented in meters; and w is the rotational velocity of the spindle rad/
sec. M represents the motor torque in Nm, and L is the length of the SC-
18 spindle in contact with the fuel.

R 2wR.?
"TReoR @
M
- 5
" T oaR’L )

Fuels’ viscosity and density have a direct relationship with temper-
ature and have a big impact on atomization, mixture formation, drop-
lets” momentum and spray’s penetration [46]. The average kinematic
viscosity curve with respect to temperature for F24 and Jet-A can be
seen in Fig. 10. As temperature increase because the lower viscosity and
density in the test fuel. the shear stress between the wall and the spindle
decreases, resulting a viscosity at 40 °C for F24 at 1.37 cP and 1.20 cP for

Energy Conversion and Management 263 (2022) 115687

™

4= Flow In

— =) Flow Out
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Fig. 10. Viscosity Analysis of Test Fuels.
Jet-A.
4. CVCC methodology and DCN determination
4.1. Experimental apparatus

The PAC CID 510 is a constant volume combustion chamber (CVCC),
and it was used to determine a fuel’s derived cetane number (DCN) and
combustion phasing. DCN is a measurement of a fuel’s autoignition
quality. For each combustion analysis, 5 conditioning cycles were per-
formed in the CVCC. This was to prime the combustion chamber of the
test fuel and clear any remaining fuel from previous fuels tested in the
apparatus. The 5 conditioning cycles were followed by 15 full cycles of
injection, combustion, and exhaust. All testing utilizes the ASTM D7668-
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Table 6

ASTM D7668-14.a Testing Standard.
Combustion Fuel Coolant Injection Combustion
chamber Wall Injection Temp. Pulse chamber
Temp. Pressure Width Pressure
595.5°C 1000 bar 50°C 2.5ms 20 bar

14.a Testing Standard in Table 6.

Fig. 11 shows the CAD models of the PAC CID 510 CVCC. The
numbers on the Figure correspond to essential components in the sys-
tem. Component 1 is the high-pressure common rail, component 2 is the
6-orifice BOSCH high-pressure fuel injector which provides an excellent
spray pattern and atomization of the test fuel. It injects into a uniformly
heated, constant volume, controlled pressure, combustion chamber
labeled as component 3. Pressure changes due to combustion were
measured with a piezoelectric pressure sensor shown as component 4.
Additionally, injection pressure in the rail, is measured using the pres-
sure sensor 5.

A cross sectional view of the combustion chamber is displayed in
Fig. 11. In this Figure, the spray profile into the combustion chamber is
shown.

4.2. Experimental procedures

The 15 combustion tests were averaged to calculate the average ID
and CD for each fuel. The ID begins at start of injection, denoted as 0 ms
on the timeline, and ends when LTHR is at its peak as seen in Fig. 13. The
CD is the duration from start of injection to the peak of HTHR or the
midpoint of the pressure curve. DCN was calculated by using the ID and
CD with Eq. (6) [67,68].

53378\ | (300.18 12567.90\ | (341532
DCN713.028+(— - >+( CD)+<— ot )+( e )
(6)

Table 7, shows the DCN and the average ID and CD for F-24 and Jet-
A. The DCN for both neat fuels of Jet-A and F24 were determined to be
47.0 and 43.4. The average ID and CD of neat Jet-A was found to be
3.35ms and 5.14 ms. The average ID of neat F24 is larger than that of
neat Jet-A with a value of 4.10 ms, additionally F24 has a lower average
CD at 5.79 ms. This difference in autoignition quality can be attributed
to the hydrocarbon component species. Displayed in Table 1 are the
percentages of component hydrocarbon compounds in Jet-A and F24.
The difference in hydrocarbon percentages causes the change in the
autoignition characteristics [9,12,67-72].

5. Combustion results and NVH analysis
5.1. AHRR and combustion phasing analysis

The Apparent Heat Release Rate (AHRR) is a measurement of the
useable energy produced by the fuel’s combustion. It is further defined
in this study as the amount of energy remaining in the combustion
chamber to raise the surrounding temperature during combustion.
AHRR was calculated using the first law of thermodynamics as shown in
Eq. (7), where appropriate compensations were made for the injection of
the fuel into the closed system. The results of the calculation of AHRR
derived from the pressure data can be seen in Fig. 12.

a_ 1
dt ~ [y—1] ar

)

From the AHRR curve, it is observed that while F24 and Jet-A have
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an LTHR of approximately equal duration, Jet-A begins combustion and
reaches peak HTHR sooner than F24 as seen in Figures: 12-15. Addi-
tionally, Jet-A has a peak AHRR of 4.93 MW with F24 only reaching a
peak AHRR of 4.08 MW.

The curve for AHRR has sub regions of combustion which are used to
characterize the fuel’s burn. These key regions are noted in this paper as
the Ignition Delay (ID), Combustion Delay (CD), the Start of Combustion
(SOCQ), the End of Combustion (EOC), Negative Temperature Coefficient
(NTC) region, LTHR, and HTHR, and they are defined in this study in
Fig. 13 as follows:

ID begins at start of injection, denoted in the graphs as 0 ms on the
timeline, and ends when LTHR is at its peak.

The durations of the LTHR region begins once the AHRR becomes
positive, continues through the NTC region and it concludes when the
peak LTHR is matched by the values of HTHR.

The NTC region is the region occurring after the peak LTHR where
the slope of the AHRR curve becomes negative. The conclusion of the
NTC region is when the AHRR curve surpasses the peak of LTHR curve.
This point defines the start of combustion and the beginning of HTHR.

CD is defined as the peak of HTHR and the midpoint of the pressure
curve.

EOC is defined as the moment at which the AHRR curve crosses zero
for the first time after peak HTHR.

Fluctuations in AHRR after this point are classified as ringing events.

The cool flames which occur during this two-stage ignition process
were identified between 850 K and 950 K. Labels for each of these events
are shown in Fig. 13 on the temperature and AHRR curves for neat F24
[30,31,73].

Notice in Fig. 13, there is a period of time when the AHRR is negative
after the SOL This is due to the fuel’s vaporization that absorbs heat
from inside the combustion chamber reducing the gas temperature. This
temperature drop is reflected in the heat release and the pressure trace in
Fig. 22 resulting in a negative value.

To highlight the two combustion regions which occur during LTHR
and the region of cool flame formation, Figs. 14 and 15 show a zoom of
the AHRR curve indicating these regions of combustion for Jet-A and
F24. It can be seen from these graphs that the LTHR region for Jet-A and
F24 are both approximately 2 ms in accordance with Table 10. The NTC
region takes up a smaller portion of the total duration of LTHR for F24
when compared to Jet-A as can be seen in both Figs. 14 and 15 and in
Table 10.

Table 8 displays the energy released per combustion region for F24
vs a Jet-A reference. It was found that F24 releases more of its total
energy during LTHR than Jet-A at 334.3 J compared to 287.8 J for Jet-A.
This accounts for 12.6% and 11.1% of the total combustion energy for
F24 and Jet-A respectively as seen in Table 9. Conversely, F24 has a
smaller energy release during its NTC region than Jet-A at 124.1J
compared to 133.7 J for Jet-A. This correlates to 4.68% and 5.2% of
combustion energy for F24 and Jet-A.

Additionally, the durations for each combustion region were calcu-
lated and can be found in Table 10. It was found that the overall duration
of LTHR was practically identical between Jet-A and F24 at approxi-
mately 2 ms. Where the difference lies, however, is in the duration of
NTC region. Jet-A has a more extended NTC region at 0.72 ms while F24
has an NTC region of only 0.48 ms. This means that F24 has a longer
period of cool flame formation contributing to the increase in the energy
released during LTHR region when compared to Jet-A. HTHR duration
and total combustion times were also found to be longer for F24 than
Jet-A.

The durations of each combustion region as a percentage of total
time were calculated and displayed in Table 11. Additionally, the
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Fig. 11. PAC CID 510 Constant Volume Combustion Chamber, the components of the CVCC are listed as follows: 1. High-Pressure Common Rail, 2. BOSCH Injector,
3. Combustion Chamber, 4. Dynamic Pressure Sensor, 5. Injection Pressure Sensor [36].
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Property Jet-A F-24 F-24 Temperature [K]l
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Fig. 13. Ignition Delay, Combustion Delay, Start of Combustion, and End of
Combustion for F24.

| | | | | Table 8
-1 Energy Released per Combustion Region for F24 vs Jet-A Reference.
0 2 4 6 8 10 12
. Researched LTHR Energy NTC Energy HTHR Energy  Total

Time (ms) Fuel Released (J) Released (J)  Released (J) Energy

Fig. 12. AHRR for Jet-A and F24. Jet-A 287.8 133.7 2302.8 2590.6

F24 334.3 124.1 2320.3 2654.1
% Change +16.2% —7.2% + 0.76% + 2.4%

percent difference between Jet-A and F24 were calculated for F24 as it
compares to Jet-A. It was found that, the duration of NTCR for F24 takes

up a substantially smaller portion of the total combustion duration when difference in their combustion characteristics.
compared to Jet-A. The length of these regions is important in understanding the com-

These results confirm again that Jet-A and F24 have significant bustion behavior and the LTHR region. The LTHR region is the period of
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Fig. 15. Low Temperature Heat Release Region for F24.

Table 9

Energy Released per Combustion Region (%AHRR) for F24 vs Jet-A Reference.
Researched Fuel LTHR % NTC % HTHR %
Jet-A 11.1 5.2 88.9
F24 12.6 4.7 87.4
% Change +13.5 —9.6 -1.7

Table 10

Duration per Combustion Region for F24 vs Jet-A Reference.
Researched Fuel LTHR (ms) NTCR (ms) HTHR (ms) Total (ms)
Jet-A 1.96 0.72 1.56 3.52
F24 1.92 0.48 2.08 3.96
% Change —2.0% —38.9% +33.4% +12.5%
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Table 11

(%AHRR), Total Combustion Duration Percentages for F24 vs Jet-A Reference.
Researched Fuel LTHR % NTCR % HTHR %
Jet-A 55.7 20.5 44.3
F24 48 12 52
% Change —13.8% —41.4% +17.4%

combustion where heavy peroxides and radicals are rapidly formed and
temperatures are too low to initiate autoignition [31,32,74-76]. Fuels
which have a larger quantity of complex hydrocarbons will experience
an extended period of LTHR [31,32]. These complex hydrocarbons
break down into radicals, peroxides, and aldehydes, and cool flames are
formed, decay, and quench in rapid succession [31,32]. After the region
of cool flame formation, there is a period of increased peroxide forma-
tion of predominantly ketohydroperoxides. This compound has a large
energy of formation and is predominant in during the NTCR. This region
is characterized by this compound as it takes more energy to form than is
released from its combustion [74].

F24 was found to have an extended region of cool flame formation
when compared to Jet-A. Given that the duration for LTHR is practically
identical between F24 and Jet-A, the combustion of F24 has a reduced
NTC region as well. The greater relative period of cool flame formation
during the combustion of F24 contributes to an increase in combustion
stability and a reduction in ringing. A zoom of the LTHR for F24 and Jet-
A is displayed in Fig. 16.

5.1.1. Combustion temperature analysis

Combustion temperature was derived from the measured pressure
data and the known volume of the combustion chamber. The tempera-
ture traces for Jet-A and F24 are presented in Fig. 17. The temperatures
and time for each combustion region are shown in Table 12. The com-
bustion of F24 reached a higher temperature after LTHR temperature
when compared to Jet-A.

In alignment with the determinations for the combustion regions in
relation to the AHRR, the combustion regions in terms of temperature
have been outlined in Figs. 18 and 19. While there is a delay of half a
millisecond between the beginning of LTHR for F24 when compared to
Jet-A, F24 begins LTHR at a lower temperature and ends at a higher
temperature than that of Jet-A. There can also be seen a faster increase
in the temperature during LTHR for F24 than that of Jet-A. This increase
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Fig. 16. Low Temperature Heat Release (LTHR) Region for F24 and Jet-A.



V. Soloiu et al.

2000
F24
1900 Jet-A
a v[A A A AA D 4 o
1800 [ ’\fM'
1700 d
g 1600
E 1500
=
= 1400
2
£ 1300
~ [
= 1200 |
1100 ] 1’
1000 Iyl
900 / 'f/
‘ S
800
0 2 4 6 8 10 12
Time [ms]
Fig. 17. Combustion Temperature for Jet-A and F24.
Table 12
Combustion Temperatures at each phase.
Researched LTHR Temp LTHR Peak NTC Temp NTC Valley
Fuel [K] (Start/ [K] (Temp/ [K] (Start/ [K] (Temp/
End) Time) End) Time)
Jet-A 861.2/961.3 913.4/ 913.4/961.3 952.1/
3.76 ms 4.32ms
F24 852.0/967.8 923.3/ 923.3/967.8 951.8/
4.56 ms 4.84ms
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Fig. 18. Combustion Regions by Temperature for Jet-A.
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Fig. 20. AHRR vs Temperature for F24 and Jet-A.

in the region of cool flame formation increases the total energy released
by the fuel during combustion without a significant decrease in the
performance of the engine.

In Fig. 20, the AHRR and temperature of the LTHR regions of Jet-A
and F-24 are analyzed starting from the point at which AHRR be-
comes positive. This illustrates the fuel’s energy release within an
environment of increasing temperature. During this temperature in-
crease, both fuels undergo a period of cool flame formation and quench.
This is the same region highlighted in Figs. 14, 15, 18, and 19. This is
observed from approx. 850 °C to 935 °C as the fluctuations of slope as
they reach their peak AHRR value during their respective LTHR phase.

After the cool flame formation peaks, NTC region begins. This region
develops due to the rapid formation of branch-chaining intermediates
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Fig. 21. Percent Mass Burned for Jet-A and F24.

while temperature increases. This rapid formation of aldehydes causes
the fuel to undergo a period of negative energy release even though
temperatures in the chamber are increasing. The existence of the NTC is
fundamentally responsible for the formation of stable cool flames [33].
This is also defined as the temperature for which ketohydroproxides
formations is at its maximum [33].

As displayed in Table 12, there is a threshold in the energy release for
which Jet-A and F24 burn started increasing the temperature in the
combustion chamber. Those temperature have been identified as
861.2K and 852K for F24 and Jet-A, respectively. F24 was found to
have a higher peak LTHR temperature at 925 K when compared to Jet-A
at 912.5 K, however the HTHR has a reduced slope compared to Jet- A,
as observed in Fig. 22, resulting in the same peak temperature between
the two fuels. The oxidation process of F24 creates higher temperatures
during LTHR and propagates over a longer period during entire com-
bustion compared to Jet-A. F24's oxidation process occurs over higher
temperatures in the LTHR, and reduced pressure rise rate during HTHR
creates a scenario for which F24 burns with greater stability and this will
be further discussed in the ringing analysis. Jet -A has the inverse cor-
relation where energy release increases more rapidly during HTHR with
lower LTHR temperature compared to F24.

5.1.2. Mass Fraction burned (MFB)

The shorter ignition and combustion delay for Jet-A results in a
higher DCN, which correlates to a better auto-ignition quality. This
quicker combustion rate can also be seen in the percent mass of the fuel
burned and this calculation is shown in Fig. 21.

The determination of these values indicates that Jet-A combusts
quicker than F24 having burned all of its injected mass by 6.04 ms
compared to F24 which completes its combustion over a millisecond
later at 7.12 ms after start of injection. These results confirm again that
Jet-A and F24 have a significant difference in their combustion
characteristics.

5.2. Combustion pressure and ringing analysis

Pressure data in the combustion chamber was obtained through the
piezoelectric pressure sensor over the course of 15 cycles. The pressure
data from each of the cycles was collected, then averaged and can be
seen in Fig. 22. This averaged data was used to calculate AHRR.
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Fig. 23. Pressure Trendlines during Combustion for Jet-A and F24.

Fig. 23 represents the trendlines for the pressure trace of Jet-A and
F24. A linear representation was determined from the pressure values
between the start and end of combustion. This was done to illustrate and

Table 13
Peak Pressure of Researched Fuel.

Researched Fuel Peak Pressure (bar)

Jet-A
F24

42.32
42.34




V. Soloiu et al.

further understand the burn rate of each fuel. From this determination, it
was found that F24 has a slower burn rate and flame front propagation
than Jet-A as represented by a shallower slope in the trendline. In
addition to the delay in combustion, F24 has a slower flame propagation
and a more gradual increase in pressure.

The peak pressures for Jet-A and F24 are shown in Table 1. After SOI,
the pressure trace crosses below 20 bar, and then proceeds with a sharp
positive slope upwards. The initial reduction in pressure from the set-
point of 20 bar is due to the injected fuel’s heat absorption during
vaporization that is causing a drop in temperature in the combustion
chamber. The maximum average pressure for F-24 was found to be
42.34 bar, while Jet-A was found to be 42.32 bar as seen in Table 13. The
percent difference between the peak pressure of Jet-A and the peak
pressure of F24 was 0.047%. This small difference is within the tolerance
of the dynamic pressure sensor in the CVCC. However, despite having
similar peak pressures, it was found that the larger the increase in the
combustion chamber pressure rise rate (PRR) resulted in greater com-
bustion instabilities. This was indicated by the greater magnitude of the
resulting ringing.

Fig. 24 is a zoom of the peak pressure, where the only the pressure
between 5 and 25 ms and 40 and 43 bar is shown, for Jet-A and F24 to
show the ringing. Figs. 25, 26, and 27 are the determinations for the
ringing due to combustion based on the oscillations in the pressure trace.
For the two curves in each Figure, the maximums and minimums for the
pressure oscillations were taken and are represented by a smooth curve.
Magnitude of each oscillation was then determined by taking the dif-
ference between the maximum and minimum values. The magnitude
values for Jet-A and F24 were then displayed as a continuous curve in
Fig. 23. It was found that although F24 had a very similar peak pressure
to Jet-A, the magnitude of the oscillations for F24 were much smaller
than that of Jet-A reaching a peak magnitude of 0.28 bar compared to
0.9 bar for Jet-A. This indicates that F24 has a higher combustion sta-
bility than that of Jet-A. Additionally, the peak oscillation amplitude for
F24 occurs almost 2 ms later than that of Jet-A due to the longer period
of LTHR for F24.

Both fuels experienced an exponential reduction in the ringing
amplitude after reaching peak pressure. A trendline was determined in
order to quantify the difference in pressure oscillations between Jet-A
and F24, using Eq. (8). Where b and k represent changes in the slope
of the trendline for the two curves in Fig. 27.
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Fig. 24. Ringing at Peak Pressure for Jet-A and F24.
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y = bet (8)

Between F24 and Jet-A, there is a much steeper slope associated with
the oscillation convergence of Jet-A over F24. This is apparent as the b
value for Jet-A is 4.8 compared to 0.78 for F24. Additionally, the k value
for F24 was significantly smaller with a value of —0.158 compared to the
k value for Jet-A at —0.267. While Both fuels converge at approximately
the same ringing amplitude at 15ms, Jet-A produces a much greater
ringing intensity with a more aggressive decrease than F24. This is an
indication that F24 has a more stable combustion than that of Jet-A. The
equations of the trendline for Jet-A and F24 can be seen in Eq. (9) and
Eq. (10) respectively.

y = 4.8038¢ 70267 9)
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The reduction in the pressure oscillations after combustion indicates
that the combustion of F24 is more stable than that of Jet-A. This
correlated to the extended region of cool flame formation outlined in
section 5.2. Cool flames were found having a significant impact on the
ignition timing, burn rate, burn limit, and engine knock [9]. The
extended region of cool flame region is attributed in this paper to the
high percentage of olefins and cyclohexanes, present in F24 as seen in
Table 1. Olefins give also low luminosity cool flames with longer in-
duction periods compared to other hydrocarbons [31] and confirmed in
Figs. 14 and 15.

5.3. Noise, vibrations and Harshness analysis

An NVH investigation was conducted on the combustion events of F-
24 and Jet-A in a PAC CID 510 CVCC instrumented with a Briiel and Kjeer
charge accelerometer (Type 4326 A- 001) to measure the vibrations
produced during the combustion cycle. The data acquisition system
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utilized to collect the combustion induced vibrations included a Briiel &
Kjer Type 3050-A-060 data acquisition board in which frequencies from
0Hz to 25.6 kHz were evaluated. Post processing was conducted with
the Briiel & Kjer application BK Connect (2020 edition) and the accel-
erations (m/s%) produced from the combustion of Jet A and F24 were
evaluated in relation to combustion phenomena and timing as discussed
previously for each fuel. The combustion event in relation to the AHRR
has a duration of ten milliseconds and it is within this time that the
combustion vibrations for each fuel were evaluated.

To collect the vibrations produced during the combustion sequence
of the CVCC, an accelerometer was placed upon the top face of the
combustion chamber which can be seen in Figs. 28 and 29. The axes of
the accelerometer include the X-Y plane spanning across the radial face
of the CVCC and the Z axis being parallel to the vertical axis of the CVCC
and the injector, as depicted in Figs. 28 and 29. The Briiel & Kjaer Type
4326 A-001 accelerometer was used in the experimental evaluation of
the vibrations measured in the Z-direction included representation of
the combustion shockwave propagation across the CVCC for both Jet-A
and F24.

Throughout the DCN determination it was evaluated that the ID of
F24 was approximately 1 ms in duration longer than that of Jet-A. This
relationship was confirmed in the combustion produced vibrations, as
seen in Figs. 31 and 32, where the vibrations during the ignition delay
for F24 were almost one millisecond longer than the ignition delay vi-
brations for Jet A. From the combustion vibrations recorded for Jet A
and F24, it was found a good correlation with the peak value of AHRR
for Jet A (4.93 MW) produced a greater magnitude vibration than the
peak AHRR of F24 (4.08 MW). The greatest magnitude of acceleration
collected for Jet A was 29.65 m/s? and occurred at the ignition timing of
the combustion event. Regarding the greatest magnitude of acceleration
collected for F24, a 19.96 m/s> magnitude of acceleration was observed
also at the ignition timing of the combustion event. This correlation
shows that as the peak AHRR increases, greater magnitudes of vibrations
can be expected as was evident when comparing Jet-A and F24.

For both Jet A and F24, combustion ringing vibrations were recorded
immediately after the HTHR region. These diminish in magnitude as the
combustion pressure wave reflects successively in the combustion
chamber. This can be correlated to the combustion pressure wave
propagating from the ignition site to the chamber’s wall and then re-
flects back, towards ignition site, or top of the combustion chamber
again. With each consecutive reflection of the combustion pressure wave
within the combustion chamber, ringing was produced. This ringing was
observed in the pressure trace in Figs. 22 and 24. As the pressure signal
of the CVCC diminishes in magnitude with each consecutive wave

Herzog by Pac ID510 Cetane
Noise, Vibrations, and Harshness (NVH)

Experimental Setup

Constant Volume
Combustion
Chamber (CVCC)

Fig. 28. NVH Instrumentation on the Constant Volume Combustion Chamber.



V. Soloiu et al.

(=)
Piezoelectric Fuel _=
Injector
NG
Type 4326 A 001
Charge Accelerometer
o
-
—

Energy Conversion and Management 263 (2022) 115687

(
®

- Constant Volume
- Combustion Chamber ‘@

_

Fig. 29. Accelerometer Instrumentation on the CVCC (Solid Modelling).

—F24
Jet-A

AHRR [MW]
[5]

1

0 2 4 6 8
Time (ms)

10

Fig. 30. AHRR for Jet-A and F24.

period of the combustion sequence, a diminishing vibrations’ magnitude
can be evaluated as the combustion wave rings across the CVCC.
Throughout the ten millisecond combustion vibrations recording of the
CVCC, the greatest magnitude of vibrations occurs at the beginning of
HTHR for both Jet A and F24 and diminishes in magnitude naturally as
the combustion wave propagates throughout the CVCC.

From the NVH results in the Z direction it was observed that after the
ignition event, the vibrations from the combustion event have a rather
flatline region during the HTHR for both fuels and this paper would
report this phenomenon for the first time in the literature. The accel-
erometer was positioned opposite to the dynamic pressure sensor where
the location of the pressure sensor enables the sensor to detect the rapid
pressure increase caused by combustion. The flatline seen in the accel-
eration waveforms of Jet A and F24 can be explained as the time
required for the pressure wave to reflect off the bottom of the combus-
tion chamber and return to the top of the chamber as seen in Figs. 31-32.
The combustion induced vibrations detected by the accelerometer are
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Fig. 31. Z Direction Acceleration Signatures with relation to the HTHR of Jet A.

the reflections of the main combustion event off the bottom of the
combustion chamber. A graph of the AHRR has been included in Fig. 30
for reference when discussing the regions of combustion for Jet-A and
F24.

The approximate Z-direction height of the CVCC is 0.097 m and the
air-fuel mixture was assumed to be an ideal gas. From evaluating the
CVCC combustion chamber pressure at the end of Combustion Delay, the
in-cylinder temperature was derived to be approximately 1400° Kelvin.
At this temperature, it was calculated that the speed of sound within the
CVCC was approximately 750 m/s and it was then calculated that the
maximum amount of time for the pressure wave to propagate to the
bottom of the cylinder was 0.13ms. The combustion pressure wave
propagation time of 0.13 ms across the CVCC equates to approximately
3.5 reflections of the combustion pressure wave per ms. As is supported
by Figs. 31 and 32, approximately 3.5 peaks and troughs which correlate
to the reflection of the combustion pressure wave between the top and
bottom faces of the CVCC can be counted per millisecond.
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Fig. 32. Z Direction Combustion Acceleration Signatures with relation to the
Apparent Heat Release Rate (AHRR) of F24.

The NVH investigations determined that there is a strong connection
between the two primary combustion phases, ID and CD, and the vi-
brations produced. Furthermore, the lower magnitude of pressure
shockwaves produced from F24’s combustion correlate to a decrease in
the magnitude of the measured vibrations by approximately 0.5 g for
F24 when compared to Jet-A. During the HTHR, the lowest vibrations
have been recorded during the combustion cycle for both fuels.

6. Conclusion

For this study, two aviation fuels, 100% F24 and 100% Jet-A were
investigated in a constant volume combustion chamber to determine
their combustion and NVH characteristics. This study includes a unique
comprehensive fuel analysis on F24 and Jet-A using consistent POSF
numbers for all the investigations into the thermophysical and com-
bustion properties.

F24 was found to have has a significantly higher concentration of
olefins and cyclohexanes when compared to Jet-A. The details of the
Low Temperature Heat Release (LTHR) properties of each fuel as well as
the vibrations produced from combustion instabilities were investi-
gated. The LTHR region is described in this paper, by two distinct re-
gions: the region of cool flame formation and the Negative Temperature
Coefficient Region (NTCR). These regions were analyzed for their du-
rations as well as the amount of energy released for each burn period. A
multitude of fuel tests were also conducted to determine the thermo-
physical properties of each fuel and their influence on combustion.

A calorimetry analysis was conducted to determine the lower heating
value of each fuel. It was found that the average lower heating value for
both fuels are approx. 41.85 MJ/kg, +£0.1%. This was determined to be
within the sensitivity of the instrument and relates back to the nearly
identical H/C ratio of the two fuels as seen in Table 1.

A differential thermal analysis and a thermogravimetric analysis
were conducted to determine the absorption and release of energy and
vaporization rate of each researched fuel at lower temperatures. It was
found that Jet-A has a higher volatility than that of F24 and starts a
vaporizing process at a lower temperature compared to F24. This is more
favorable for combustion as fuels with a higher volatility form a ho-
mogeneous air-fuel mixture more rapidly and at a lower temperature.
There was observed a second endothermic and exothermic reaction in
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the DTA for Jet-A between 300 °C and 500 °C. On the other hand, F24
was observed to have two additional areas of endothermic and
exothermic reactions at 250 °C to 350 °C and 425 °C to 550 °C both with
a lower magnitude.

A viscosity and spray analysis were conducted using a Brookfield DV-
IT + Pro rotational viscometer and a Mie scattering He-Ne laser respec-
tively. F24 was found to have a higher viscosity at 40 °C at 1.37 cP
compared to 1.20 cP for Jet-A. The Mie scattering laser was used to
determine the spray profile, droplet distribution and mixture formation
for each of the researched fuels. The viscosity values were found to
correlate to a larger SMD for F24 at 18.7 um compared to 17.59 um for
Jet-A. A smaller SMD is associated with a better mixing and complete
combustion as the droplets have a larger surface area to volume ratio.

The Ignition Delay (ID) and Combustion Delay (CD) were researched
to find the DCN of each fuel utilizing a PAC CID 510 constant volume
combustion chamber (CVCC) at the ASTM D7668-14.a standard and
were determined from an average of 15 combustion cycles for each of
the researched fuels. The ignition delay and combustion delay for F-24
was found to be 4.04 ms and 5.71 ms with a DCN resulting at 43.77. Jet-
A was found to have a higher DCN of 47 with an ignition delay and
combustion delay of 3.35ms and 5.14 ms. It was also found that Jet-A
has more favorable autoignition characteristics than F24. Peak pres-
sure during the fuels’ combustion was found to be almost identical with
a percent difference of only 0.047%.

For the LTHR analysis, it was found that the fuels have a nearly
identical duration for LTHR at approximately 2 ms. F24, however, has a
much shorter NTCR than that of Jet-A. This means that during LTHR,
F24 has an extended region of cool flame formation and therefore re-
leases more of its energy during LTHR than Jet-A at 334.3 J and 287.8 J
respectively. Additionally, F24 reaches a lower peak AHRR than Jet-A at
4.08 MW compared to 4.93 MW for Jet-A accounting for 12.6% and 11%
of total energy released during combustion for each fuel. Given the
identicality in the duration of LTHR between Jet-A and F24, the
extended region of cool flame formation in F24 contributes to an in-
crease in combustion stability and a reduction in ringing.

Analysis of the pressure trace revealed that F24 has a lower pressure
rise rate after LTHR than Jet-A. This indicates that F24 has a slower burn
rate and flame front propagation. A ringing investigation was conducted
on the measured pressure oscillations in the combustion chamber at
peak pressure for Jet-A and F24. It was found that the magnitude of the
ringing for Jet-A was 3x higher than that of F24 reaching a magnitude of
0.9 bar and 0.28 bar respectively. Additionally, it was found that with an
exponential trendline, F24 had a much flatter curve with a smaller y-
intercept than that of Jet-A. This suggests that F24 has a higher com-
bustion stability than Jet-A.

The NVH investigations determined that there is a strong connection
between the two primary combustion phases, ID and CD, and the vi-
brations produced from combustion. The ID and CD regions during the
combustion were found to produce longer duration of vibrations for F24.
This correlated to the longer durations for these combustion phases for
F24 when compared to Jet-A. Furthermore, the lower magnitude of
pressure shockwaves produced from F24’s combustion correlate to a
decrease in the magnitude of the measured vibrations by approximately
0.5 g for F24 when compared to Jet-A. During the HTHR, the lowest
vibrations have been recorded during the combustion cycle for both
fuels.
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