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Abstract

Studies on Endothermic Fuels for Aerospace Application:

Preparation, Characterization, and Kinetic Analysis

A supersonic/hypersonic engine above Mach-5 speeds requires active cooling to dissipate
the heat load generated during propellant combustion. The thermal management of a supersonic
engine under supercritical conditions is a critical task. Typically, the combustor wall temperature
in a supersonic missile can exceed 800 °C without onboard active cooling. For any hypersonic
vehicle, liquid hydrocarbon fuel is preferred as a propellant due to its ease of storage, low vapor
pressure compared to Ho and CHa, operability, and handling. In the current study, the feasibility
of hydrocarbon fuel as an onboard regenerative coolant was examined. An experimental setup
was designed and fabricated to perform the thermal cracking experiments under elevated
temperature and pressure conditions. A tubular flow reactor was heated externally by a direct
power source to measure the heat sink capability of hydrocarbon fuels. The research investigated
the thermal cracking characteristics of various hydrocarbon fuels under supercritical conditions,
and the research outcomes are presented in graphical or tabular forms in this thesis.

In the work, three single-component hydrocarbons, namely n-heptane,
methylcyclohexane (MCH), and toluene, were considered for thermal cracking studies to
establish a standard operating procedure and to understand the effect of hydrocarbon structure
on cracking characteristics. All three compounds comprise seven carbon atoms (C7 hydrocarbon)
but with different bond connectivity. n-Heptane is a straight-chain alkane, MCH is a cycloalkane,
and toluene is an aromatic compound. The cracking experiments were carried out for a
temperature range of 500-700 °C and under 55 bar pressure to examine the fuel conversion, coke
deposition, and heat sink capability of the hydrocarbons. At a temperature of 700 °C, the cracking
conversion of n-heptane, MCH, and toluene are 31%, 20%, and 2.5%, respectively, and the coke
deposition rates of the three fuels are 19.1, 12.9, and 4.5 mg/min, respectively. The chemical
heat sink of n-heptane is 987 kJ/kg, about 18% higher than the cycloalkane, i.e., MCH. The
experimental data showed good agreement for the first-order rate kinetic model. The first-order
rate constant lies in the range of 0.01 to 0.6 (1/s), and the apparent activation energy for the

cracking reaction of MCH and n-heptane is 93 kJ/mol and 62 kJ/mol, respectively.




Abstract

The cracking characteristic of a multi-component hydrocarbon fuel (HCF-1) having a
boiling range and specific gravity of 131-238 °C and 0.79, respectively, was examined for a
temperature, pressure, and space-time range of 550-680 °C, 25-55 bar, and 2.8 to 8.5 s,
respectively. The impact of reactor temperature, pressure, and space-time on fuel conversion,
coke deposition, heat sinks, and product distributions was thoroughly investigated. At a
temperature of 680 °C and under 55 bar pressure, the HCF-1 exhibited a fuel conversion of 10.5
wt.%, a coke deposition rate of 7 mg/min, and a chemical heat sink capacity of 805 kJ/kg. The
fuel conversion, coke deposition, and heat sink capacity increased by about 2.9 times, 2 times,
and 9% as the reactor pressure increased from 25 to 55 bar. The olefin-to-alkane mole ratio in
the gaseous products decreased with the increase in temperature and pressure. At 650 °C and 55
bar, the fuel conversion and chemical heat sink capacity of the fuel increased by 2.4-time (from
7.6% to 18.3%) and 1.8-time (from 634 kJ/kg to 1144 kJ/Kg), respectively, as the space-time
value increased from 2.8 s to 8.5 s. The kinetic analysis showed that the cracking follows a first-
order Kinetics with a rate constant range of 0.01 to 0.15 (1/s), and the apparent activation energy
is about 125 kJ/mol. The thesis also includes a brief investigation of coke morphology. A SEM
analysis confirmed the formation of both amorphous and filamentous coke during the

supercritical cracking of the fuel.

The suitability of homogeneous initiators on thermal cracking characteristics was
examined with a multi-component fuel (HCF-2) having a boiling range and specific gravity of
149-224 °C and 0.795 respectively. A comprehensive investigation was conducted to assess the
effectiveness of two initiators, namely triethylamine (TEA) and di-tert-butyl-peroxide (DTBP).
The experiments were conducted at 650 °C, under 55 bar, and a 50 mL/min feed flow rate. For
1 wt.% of initiator loading, the fuel conversion increased by 8.6% and 6.1% with TEA and
DTBP, respectively. In the presence of initiators, the chemical heat sink and coke deposition
increased by about 80-100 kJ/kg and 2.5 mg/min, respectively. The analysis of liquid products
revealed that alkyl benzenes (C1 to Cs alkyl benzene) can act as coke precursors in enhancing
the coke deposits.




Abstract

Furthermore, a Coke predictive model was developed to estimate the coke deposition rate
for thermal cracking reactions. Numerical investigations were performed considering a narrow
cut of kerosene range fuels such as n-dodecane, RP-3, and HF-1 to find the concentration of
coking precursors like light olefins and aromatics. A predictive coke model was developed based
on the precursor concentration, fuel property, and operating parameters. FLUENT 21 software
with the finite volume method was used in numerical simulation. The SIMPLEC algorithm
coupled with pressure and velocity parameters into the FLUENT. Product distribution and
transport properties were estimated using the shear stress transport k-& turbulence model. The
developed Coke model was validated experimentally by conducting experiments with h-heptane.
The model predicted coke value showed a good agreement (< 25% deviation) with the
experimental results. From the comprehensive investigation, it can be said that thermal
management of hypersonic vehicles can be achieved by employing hydrocarbon fuels with about
15-30% cracking conversion. A multi-component fuel may be more desirable than a single-
component fuel because of distributed cracking over a long range of fuel transfer lines. The
distributed cracking is mainly due to different lengths of hydrocarbons and each of them having
different cracking temperature. The investigation revealed that cyclic hydrocarbons are more
stable than straight-chain hydrocarbons. Kerosene range hydrocarbons can provide a sufficient
cooling effect in regenerative cooling. Though an initiator helps in enhancing the heat sink
capability, coke formation can be a critical issue in selecting an appropriate fuel. A suitable coke
additive may be useful to decelerate the coke formation rate during the pyrolysis process.
Therefore, the present research may be helpful in understanding the cracking phenomena under
a supercritical environment and in identifying an appropriate fuel for hypersonic applications.

Keywords: Hydrocarbon fuel, Thermal cracking, Supercritical conditions, Chemical heat sink,

Coke formation, Initiator. Coke model.
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Chapter-1

Introduction

1.1. Introduction to Air-breathing Engines

Over the last three decades, scientists and researchers from around the world have shown
interest in developing air-breathing hypersonic technology, especially in the field of spacecraft
applications. Hypersonic vehicles have attracted significant attention due to achievable speeds
higher than Mach-5. Air-breathing engines function by the intake of atmospheric oxygen, which
acts as an oxidizer during fuel combustion. These engines can provide several advantages over
the conventional rocket systems. The advantage can be attributed to increased fuel consumption
efficiency, thereby facilitating extended operational ranges. A scramjet engine is an air-breathing
engine with potential uses in hypersonic cruise missiles, high-speed rockets, and air-breathing
boosters.

Two types of engines, namely ramjet and scramjet engines, mainly work on the principle
of sonic combustion. The working mechanisms of fuel combustion of Ramjet and Scramjet
engines are slightly different. A ramjet engine utilizes the ramming effect to compress and
slacken the speed of air molecules. Fig. 1.1 illustrates the primary components of a typical ramjet
engine, which include an air inlet section, diffuser, fuel injectors, combustor, flame holder, and
exhaust nozzle. The compression of air begins at the inlet and is then directed toward the
combustor via a diffuser at a lower velocity. This leads to the generation of ram-induced pressure
and heat for combustion. The nozzle directs the hot combustion gas through the exhaust cone for
developing thrust.

For supersonic combustion, fuel is ignited at supersonic (> Mach-1) speeds. A scramjet
engine, as depicted in Fig. 1.2, is an air-breathing engine designed for hypersonic (> Mach-5)
speeds. In a conventional ramjet engine, the incoming airflow undergoes deceleration to achieve
subsonic velocities before entering the ignition zone. Whereas for a scramjet engine, the burning
of fuel and air occurs at supersonic velocities. Scramjets rely on the kinetic energy of the
hypersonic jet stream to compress the incoming air and act as an oxidizer for the combustion of
fuel to generate thrust. Though the concept seems simple, the practical implementation of
scramjet engines requires significant tests due to the technological challenges. A hypersonic
vehicle encounters significant drag force during its travel through the earth atmosphere.

Additionally, the temperature of the engine assembly can exceed 600 °C. In order to sustain
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combustion within the supersonic flow regime, fuel injection, mixing with air, and ignition

processes should occur within a second.

Adiiiilet Fuel injection

Flame holder

Fig. 1.1: Schematic of ramjet engine (www.grc.nasa.gov).

Fuel injection

Air inlet Flame holder

) Supersonic exhaust
Supersonic compression Combustion chamber

Fig. 1.2: Schematic of scramjet engine (Www.isro.gov.in).

1.2. Thermal Management of Air-breathing Engines

The development of high-speed engines involves expertise in the area of thermal
management. The increase in local temperature can pose thermal degradation of engine structure
during flight. The advancements in materials may provide passive cooling techniques, but the
inclusion of a separate cooling system on aircraft introduces excess weight. In order to restrict
additional weight for passive cooling techniques, a regenerative cooling technique is preferred.
Cryogenic fuels, such as liquid methane and hydrogen, have the ability to act as coolants in

regenerative cooling. However, due to their low densities, they require huge storage facilities
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within the vehicle. The additional facility constraints in terms of economics, logistics, operations,
and safety. The concept of regenerative cooling involves the implementation of an onboard fuel
as a coolant. The cooling or heat sink requirements depend on the flight speed, as depicted in
Fig. 1.3. The heat sink capacity of a fuel is defined as ‘the amount of energy absorbed by the
fuel’ at a particular operating condition. It is generally expressed as kilojoules of energy per
kilogram of feed fuel. A vehicle with Mach-5 speed requires fuel with a heat sink capacity of
about 1900 kJ/kg of fuel (Lander et al. (2012)). Hence, thermal management in a high-speed
engine poses a significant challenge. For example, the X-51 wave-rider and other similar
demonstrative flights are designed to operate with a fuel-to-air ratio of about 0.06, which
significantly increases heat loads. Thus, the development of scramjet engines involves

significant challenges with regard to thermal management.
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Fig. 1.3: Heat sink requirement vs. Mach number (Lander et al. (2012)).

1.3. Endothermic Fuel

The suitability of the scramjet engine for generating propulsion in hypersonic air-
breathing vehicles has been discussed by Buncker et al. (2018) and Edwards (2006). The heat
generated in a scramjet engine requires effective cooling. The aptness of onboard hydrocarbon
fuels for cooling the engine structure has been reported by many researchers (Li et al. (2018), Jin
et al. (2017), Gascoin et al. (2010)). It has been reported that the sensible heat sink capacity of
the majority of hydrocarbon fuels lies in the range of 1400-1700 kJ/kg for a temperature range
of 500-600 °C (Edward 2003). Hence, the sensible heat sink alone is inadequate to satisfy the
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cooling requirement of hypersonic vehicles, according to the data furnished in Fig 1.3. However,
the heat sink capacity of a fuel can be enhanced by allowing it to undergo endothermic cracking
reactions. When an onboard fuel circulates through cooling channels around the combustion
chamber, it can undergo decomposition reactions and enhance the heat sink capacity of the fuel.
The additional amount of heat absorbed by the fuel for its cracking is often called a ‘chemical
heat sink’. The overall heat sink is the summation of sensible heat sink and chemical heat sink.
During the cracking process, hydrocarbon fuel undergoes decomposition reactions at elevated
temperatures. Based on the experimental investigation, it is reported that the cracked products
are also beneficial in enhancing the efficiency of combustion (Feng et al. (2018), Ma et al.
(2016)). Edwards et al. (2012) estimated the heat sink capability of JP-7 fuel at different

temperatures under 62 bar reactor pressure, as illustrated in Fig. 1.4.
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Fig. 1.4: Enthalpy vs. temperature data of JP-7 fuel (Edwards et al. (2012)).

To satisfy cooling requirements by an endothermic fuel, the fuel should comprise a
carbon number range between Cg to Ci4 hydrocarbons and should be capable of undergoing
cracking reactions with less tendency towards coke formation during the cracking process
(Edwards (2003)). Also, the fuel should possess a higher calorific value and lower viscosity for
better fluid flow and combustion efficiency. Various fuels, such as JP-7, JP-8, RP-1, and RP-3,
are widely used in supersonic vehicles because of their better combustion, lower coke deposition
rates, and high energy density. The suitability of other fuels, such as n-dodecane, JP-4, JP-10,

RJ-4, and RJ-5, has been studied by researchers for their potential application in hypersonic
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systems (Burdette et al. (2012). Table 1.1 presents a summary of the various properties of
different hydrocarbon fuels. The rate of thermal cracking reactions can be improved by adding
additives or initiators to the fuel Wickham et al. (2001). At lower temperatures, the initiators are
helpful in facilitating the initiation of the cracking reaction. The heat sink capability of a fuel
depends on operating temperature, pressure, fuel residence time, fuel composition, and extent of
cracking. A comprehensive survey of the impact of these variables on heat sinks has been

addressed in Chapter-2 of this thesis.
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Table 1.1: Properties of various jet fuels

Fuel name Jp-52 JP-7°¢ Jp-g¢ Jp-gae JP-10¢ RJ-4¢ RP-1¢
Chemical formula C1oH19 C12Ha2s CuH2 C106Hais2 CioH16 C12H20 Ci2H23
Molecular weight 139 169 153 143 136 164 167
Specific gravity 0.83 0.79 0.81 0.94 0.94 0.94 0.81
Kinematic viscosity (cSt) 17 - - 24 19 60 -
Freezing point (°C) <-48 <-44 <-51 <-54 <-79 <-40 <-48
Flashpoint (°C) 65 60 53 - 54 65 57
Heating value (MJ/kg) 41.9 43.9 43.1 42.1 42.1 41.5 43.3
Boiling range (°C) 196-213 206-239 183-248 190 187.2 - 196-241
Average boiling temperature (°C) 205 222 220 - - - 212
Paraffin (%), £ 0.5 53 45 41 - - - 32
Cycloparaffin (%), £ 0.5 31 50 42 100 99 99 29
Aromatic (%), £ 0.5 17 4 17 - - - 5

aBurdette et al. (2012), "Edwards (2003), ‘Lovestead et al. (2009), “Bruno et al. (2006), °Smith et al. (1981)




1.4. Gaps Noted in Existing Research

e Although a reasonable number of investigations have been reported by researchers on the thermal
cracking behavior of various fuels under supercritical temperature and pressure conditions, the
primary emphasis was on fuel conversion and heat sink capacity improvement (Edward et al. (2012),
Yue et al. (2014), Jin et al. (2017), Li et al. (2018), Sun et al. (2019)). Articles on coke deposition

studies under a supercritical environment are limited in numbers.

¢ In most of the fuel cracking investigations, cracking experiments were carried out below 45
bar pressure and a temperature range of 500-600 °C (Huang et al. (2004), Jia et al. (2019),
Zhou et al. (2017), Jiang et al. (2013, Gua et al. (2019), Liu et al. (2019)). The heat sink
capacity obtained for the temperature range may be sufficient for the cooling requirements
up to Mach-5 speed vehicles. Cooling requirements will increase with vehicle speed. Hence,
the heat sink offered by a fuel at 600 °C may not be enough to cool the scramjet engine
above Mach-5 speeds. The heat sink capacity of hydrocarbon fuels above 600 °C and 50 bar
pressure has been reported by a few scientists and only for two or three fuels (Xu et al.
(2015), Pan et al. (2020), Wang et al. (2021)).

e While numerous studies have reported the cracking and heat sink characteristics of different
hydrocarbons, comprehensive details regarding fuel conversion, product composition, and
coke deposition rates are not provided in a single place. As a result, establishing correlations
between operating parameters and cracking behavior becomes a challenge.

e Furthermore, most of the literature does not provide any information on heat loss, which is
crucial in estimating heat sink values.

¢ In more than 90% of the investigations, scientists have focussed only on reactor-containing
coke and have not provided insights about carry-away or bulk-flow coke. The total amount
of coke should be a combination of both reactor-containing coke and carry-away coke.

e Although a few studies (Wang et al. (2008), Liu et al. (2009, Chakraborty et al. (2012)) have
reported about the use of initiators in enhancing fuel conversion, details regarding the feed

and product characterization and the impact of initiators on coking are often lacking.

1.5. Objectives of Present Research

A hypersonic engine produces substantial heat loads on its structure above Mach-5
speeds. Due to space constraints, hypersonic jets face problems in accommodating an additional




amount of coolant solely for the purpose of engine cooling. A possible solution to address this
issue is the utilization of onboard fuel as a regenerative coolant, in addition to power generation
for its movement. The primary objective of the present study is to develop low-cost hydrocarbon
fuels that can offer sufficient heat sink capacity to cool the engine structure effectively at

hypersonic velocities.

e Designing an appropriate test setup capable of conducting pyrolysis experiments up to a
temperature of 750 °C and 60 bar pressure.

e Establishing a standard procedure for measurement and analysis of various characteristics
and parameters, like heat sink capacity, cracking percentage, heat loss, and coke deposition,
by conducting pyrolysis experiments with single component hydrocarbons.

e Conducting pyrolysis experiments using both single-component and multicomponent
hydrocarbon fuels to gain insights into the cracking phenomenon under supercritical
environments and estimate cracking percentage, heat sink capacity, and coke deposition.

¢ Investigating the influence of operating parameters, such as temperature, pressure, and fuel
residence time, on cracking percentage, endothermicity, and coke deposition rate.

¢ Understanding the impact of homogeneous initiators on fuel endothermicity and coking rate
at different temperatures.

e Developing a coke model to predict the coke deposition rate for the thermal cracking of
hydrocarbon fuels and its validation with experimental results.

1.6. Summary of Thesis

The primary objective of this research is to investigate the pyrolysis behavior of different
hydrocarbon fuels at supercritical conditions and to determine the fuel cracking percentage, heat
sink, and coke deposition rates. Furthermore, the suitability of homogeneous initiators in
improving the heat sink capacities of the fuels. The entire research work has been
carefully organized into distinct chapters, and each chapter is dedicated to a specific aspect of
the investigation.

Chapter-2 of this thesis deals with literature analysis on endothermic fuels. The chapter
highlights the characteristics of multiple hydrocarbon fuels and a comparative analysis of their
endothermic capacities, cracking conversion, and coke deposition rates across a wide range of

operational conditions. In order to enhance clarity, the chapter has been divided into multiple




sub-sections, each addressing a distinct issue that is relevant to the research. This chapter aims
to provide a comprehensive understanding of the current state of knowledge regarding

endothermic fuels.

Chapter-3 of this thesis focuses on illustrating the procedures and methodology adopted
in various analyses and experiments in the present study. This section provides a detailed
description of the experimental and numerical setup, including information regarding the
specifications and configurations of the equipment used. Additionally, a thorough clarification
of the processes and mathematical equations necessary for understanding the various approaches

and methods of characterization is explained.

Chapter-4 of the thesis includes the investigation of heat sink capacity, cracking
efficiency, and coke deposition rate of three single-component hydrocarbons. In this regard, three
types of C7 hydrocarbons, namely n-heptane, methylcyclohexane, and toluene, were chosen due
to their low cost and easy availability. The aim of this study was to conduct a comparative
analysis of the cracking characteristics of a straight-chain hydrocarbon, cyclic hydrocarbon, and

aromatic hydrocarbon of the same carbon number.

Chapter-5 of this thesis focuses on the investigation of cracking characteristics of a
kerosene range multicomponent hydrocarbon fuel, namely HCF-1, under supercritical
conditions. The physicochemical characteristics of the fuel are mentioned in Chapter 5. The
chapter highlights the effect of temperature, pressure, and residence time on the cracking
propensity of the HCF-1 fuel. The research presented in this chapter provides a comprehensive
understanding of the cracking characteristics of a multi-component fuel in terms of
cracking percentage, heat sink capacity, and coke deposition rates.

Chapter-6 of the thesis demonstrates the suitability of homogeneous initiators in
enhancing the cracking behavior of hydrocarbon fuel. To investigate the efficacy of initiators on
endothermicity and coke deposition rate, two different initiators, namely tri-ethylamine (TEA)
and di-tert-butylperoxide (DTBP), were considered in work, and the pyrolysis explements were
performed with HCF-2 fuel. The study demonstrated that the initiator has an overall

improvement in performance on the heat sink capacity.

Chapter-7 of this thesis presents the development of a Coke model using numerical

simulations. Numerical simulation was performed to obtain the concentration profiles of coke-




forming precursors. FLUENT 21 software with the finite volume method was used in numerical
simulation. The SIMPLEC algorithm coupled with pressure and velocity solver was used in the
FLUENT software. Product distribution and transport properties were estimated using the shear
stress transport k-& turbulence model. The aptness of the model was verified experimentally by

performing experiments with n-heptane.

Chapter 8 includes the overall conclusion of the thesis. This chapter summarizes, in what
way the present research bridged some of the research gaps identified at the beginning of the

research work.

Fig. 1.5 depicts the major objectives of the present research and the chapter-wise link between
the objective and research outcomes.
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Literature on Endothermic Fuel Development

2.1. Introduction to Endothermic Fuel

The advancement of a hypersonic air-breathing vehicle depends on the capabilities of a
supersonic combustion ramjet (SCRAMJET) engine for its propulsion. Hypersonic engines are
designed to operate above Mach-5 speeds. With an increase in Mach number, the temperature of
the compressed ram air increases and may exceed the thermal design limits. Hence, a scramjet
engine requires considerable cooling at hypersonic speeds. A multi-component hydrocarbon fuel
having higher specific gravity, higher energy density, higher heat capacity, lower coke
propensity, and lower viscosity can be an appropriate fuel as a substitute of solid or gaseous
propellants, for managing the thermal load in an onboard hypersonic engine. Hydrocarbon fuels
can serve as substitutes for solid propellants and hypergolic fuels. One potential method for
cooling the engine is the use of onboard fuel for regenerative cooling. It is widely acknowledged
among the research community that the implementation of active and spontaneous cooling may
offer benefits compared to relying solely on passive cooling or thermal protection materials. The
regenerative cooling of the engine structure can be achieved by circulating the onboard liquid
fuel around the combustion chamber. During the flow of fuel through the cooling channels, the
fuel will experience an upsurge in temperature, and beyond certain temperatures, the fuel starts
an endothermic cracking reaction. An effective use of endothermic heat sinks during pyrolysis
reactions is essential to satisfy the cooling needs of a hypersonic engine. However, the
accumulation of coke deposits as a consequence of fuel cracking is unavoidable and poses a
challenge for regenerative cooling.

In this context, the investigation of the cracking behavior of hydrocarbon fuels at high
temperatures and pressures has garnered significant attention in numerous studies. To examine
the suitability of hydrocarbon fuels, cracking studies have been conducted using a tubular reactor
with a diameter of less than 5 mm. Also, the majority of the research has been conducted with
JP-8, RP-1, RP-3, JP-7, JP-900, JP-10, n-heptane, n-decane, and n-dodecane hydrocarbon fuels.
A comprehensive review and analysis of investigations related to endothermic fuels has been
performed and summarized. The entire analysis is divided into six categories: (i)
physicochemical characteristics of various endothermic fuels, (ii) pyrolysis studies of
endothermic fuels, (iii) influence of initiators in enhancing the endothermicity of hydrocarbon
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fuels, (iv) coking aspects of the cracking process, (v) impact of additives on coke suppression,

and (vi) development of a coke prediction model.

2.2. Physico-chemical Characteristics of Hydrocarbon Fuels

Jet propellants like JP-7, JP-8, RP-1, and RP-3 are commonly used in supersonic
applications due to their high energy density, good combustion quality, and low coke deposition.
Many research groups have also studied the aptness of JP-7 and JP-8 equivalent fuels for
hypersonic applications. Smith et al. (2007) and Lovestead et al. (2009) examined the boiling
properties and other characteristics of several jet fuels. The distillation characteristics of various
jet fuels are shown in Table 2.1. Based on the distillation data, it can be said that the JP-7 fuel
contains more amounts of heavier hydrocarbons than the JP-8 fuel. Song et al. (1993) performed
a comparative analysis between JP-8 and JP-8C fuels. The JP-8C is a coal-derived fuel, whereas
the JP-8 is a petroleum-derived fuel. The density of JP-8C is higher compared to JP-8 fuel, and
it consists of over 75 wt.% cycloalkanes and 20 wt.% aromatics. It is also reported that at 450
°C, the coal-derived JP-8C fuel demonstrated better thermal stability than the petroleum-derived
JP-8 fuel.

Balster et al. (2008) examined the suitability of JP-900 fuel for supersonic applications.
The fuel was prepared by mixing equal amounts of coal-derived refined chemical oil (RCO) and
petroleum-derived light cycle oil (LCO). The specific gravity of the JP-900 fuel is 0.87. The
concentration of polar molecules in JP-900 is significantly lower (around 22 mg/L) compared to
Jet fuels (100 to 600 mg/L). Upon comparable test conditions, the coke deposition rate of the JP-
900 fuel was one-tenth of the JP-8 fuel. JP-10 is a single-component synthetic fuel with 99% tri-
cyclodecane content (Li et al. (2019). The calorific value of the fuel is about 39 MJ/kg. The
average boiling point of the fuel is 192 °C. The impact of aromatic content in fuel was
investigated by DeBlase et al. (2018). It is reported that at higher temperatures, low molecular
weight aromatics and their methyl substitution derivatives can enhance the propensity of
polycyclic aromatic hydrocarbons (PAHs) formation, which serve as precursors for coke
deposition. Table 2.1 shows a comparison of the distillation properties of several jet fuels. The
average boiling point temperature of JP-7, JP-8, RP-1, RP-3, and JP-900 fuels are 219°C, 199°C,
203.7°C, 207.3°C, and 205.1 respectively.

Table 2.2 presents a summary of various parameters associated with different types of

Jet fuels. The paraffin content is higher in JP-7 than in JP-8 fuel, and the aromatic concentration
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in JP-8 is nearly four times higher than in JP-7 fuel. Though the density of RP-1 and RP-3 fuels
are almost the same, the paraffin and naphthene contents are significantly different. The data are

useful in analyzing thermal cracking characteristics at elevated temperatures.

Table 2.1: Distillation characteristics of JP-7, JP-8, RP-3, JP-900, and Jet fuels”

Fuel name JP-72 JP-gP RP-1° RP-3¢ JP-900°  Jet fuel°
Distillate (vol.%) Temperature (°C)

5 206 175 197 180 191 160
10 208 179 199 184 195 170
20 211 185 202 189 197 195
30 213 186 205 193 199 205
40 215 194 209 198 202 212
50 218 200 212 203 206 220
60 221 204 217 209 211 228
70 226 212 222 215 217 237
80 232 219 228 224 228 242
90 239 - 241 237 - 257

*Values are extracted from distillation curves with a maximum deviation of + 0.5 °C.
3 ovestead et al. (2009), PSmith et al. (2007), Burno et al. (2006), “Wu et al. (2019), °Saggese et al. (2019)

Table 2.2: Properties of JP-7, JP-8, RP-1, RP-3, and JP-900 fuels

Fuel name Jp-72 Jp-gh¢  Rp-19%¢  RP-3"¢  JP-900°°
Paraffin (vol.%) 45.0 40.8 36.8 52.2 1.3
Mono-cycloparaffins (vol.%) 35.0 30.3 37.0 33.8 32.2
Di-cycloparaffins (vol.%) 15.0 11.4 16.0 6.0 63.1
Alkylbenzenes (vol.%) 3.0 16.8 8.9 5.1 3.3
Naphthalenes (vol.%) 1.0 0.3 0.9 1.5 0.0
Total sulfur (wt.%) 0.1 0.3 0.05 0.2 -
°API gravity 47.1 37.0 44.2 44.8 32.1
Boiling range (°C) 206-239  175-238 197-241  180-237  191-243

3L ovestead et al. (2009); PSmith et al. (2007); “Balster et al. (2008); 9Lisa et al. (2008); *Hubert et al. (2009); ‘Ma
et al. (2016); 9Bishop et al. (2019); "Sobel et al. (1995)
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2.3. Thermal Cracking Characteristics of Hydrocarbon Fuels

Numerous researchers have proposed the suitability of hydrocarbon fuels as a way to
improve thermal management in supersonic/hypersonic engines. Multiple methods, such as
thermal cracking, catalytic cracking, depolymerization, and dehydrogenation, are used in
hydrocarbon fuel cracking. The thesis focuses on the thermal cracking of hydrocarbon fuels. The
thermal cracking process involves the decomposition of heavier hydrocarbon compounds into
lighter hydrocarbon molecules. The formation of smaller molecules contributes to the quality of
combustion. However, the heat sink capability of a fuel depends on both the fuel cracking
percentage and the composition of products.

Heinrich et al. (2001) studied the cracking of Norpar-12 and n-dodecane to estimate the
heat sink capacity of the fuels. Cracking experiments were conducted in a tubular reactor for a
temperature and pressure range of 627 to 727 °C and 25 to 35 bar, respectively. At a temperature
of 647 °C, the estimated values of heat sink capacity of Norpar-12 and n-dodecane are 2750 and
2590 kJ/kg, respectively. Jackson et al. (2004) examined the heat sink capacity of JP-7 fuel. The
estimated value of heat sink capacity is about 4000 kJ/kg at a condition of 700° C and 24 bar
pressure. Huang et al. (2004) examined the thermal cracking characteristics of n-octane and JP-
7 fuels. The experiments were conducted at 23.4 bar pressure and a temperature range of 700 to
815 °C. The heat sink values for the n-octane and JP-7 fuels are 3279 and 3233 kJ/kg,
respectively.

Chakraborty et al. (2009) investigated the cracking behavior of n-heptane under
subcritical and supercritical pressure for a temperature range of 640 to 680 °C. The increase in
pressure from 7.9 bar to 29.3 bar yields a 9% increment in heptane conversion. The increase in
pressure enhanced the yield of alkanes and reduced the yield of lower olefins. Zhang et al. (2018)
emphasized the mechanism of thermal cracking reactions. At high temperatures (> 550 °C),
olefins can undergo bimolecular reactions to form cycloalkenes. The bimolecular addition
reaction may reduce the heat sink capacity of a fuel. It is reported that fuel-containing cyclic
compounds may undergo isomerization reactions to form active precursors for coke formation
under a supercritical environment. Jiang et al. (2013) used a flow reactor to evaluate the heat
sink capacity of HF-1 fuel with a boiling range of 169-236 °C. At 680 °C and 50 bar pressure,
the heat sink capacity of the fuel is approximately 3045 kJ/kg. The heat sink capacity of n-decane
at 667 °C and 40 bar pressure is estimated to be 2700 kJ/kg (Zhu et al. (2014)). Pan et al. (2020)
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carried out pyrolysis studies of JP-10 fuel using a tubular flow reactor. The heat sink value of
the fuel is 2600 kJ/kg at a temperature of 730 °C, 45 bar pressure.

Operating parameters such as temperature, pressure, and residence time play a crucial
role in a thermal cracking process. To understand the cracking characteristics, the products
obtained from a cracking reaction need to be quantified properly. The chemical composition and
thermo-physical properties of fluids throughout the reactor must be assessed accurately. In some
studies, surrogate compounds have been used as a substitute for a kerosene range fuel to simplify
the complexity and gain a mechanistic understanding of pyrolysis reactions. To calculate the
sensible heat sink value of a hydrocarbon fuel, most researchers assumed that the fluid
composition remains constant within the reactor zone. The endothermic/chemical heat sink was
estimated by subtracting the sensible heat sink from the total heat sink. Many researchers used
the following expressions (Eg. 2.1-2.4) to estimate the endothermic heat sink of different fuels.

Qheat sink — Qinput - Qloss Eq. (2.1)
Qinput =VxI Eq. (2.2)
H(Texit )- H(Tinlet ): AHsensible EQ- (2-3)

— Qheat sink -AH

Hendothermic - m sensible Eq. (2.4)

where, Q = energy per unit time, V = voltage, | = current, H = enthalpy, and m = mass flow rate.

Table 2.3 presents a comprehensive overview of the heat sink capacity of various fuels
under different temperature and pressure conditions. The heat sink capacity of different fuels
varies between 2500 kJ/kg and 3200 kJ/kg for a temperature range of 600 °C to 750 °C. Whereas
the chemical heat sink capacity for various fuels varies between 500 kJ/kg and 1200 kJ/kg. The
heat sink capacity of hydrocarbon fuels is influenced by several factors such as fuel composition,
hydrocarbon type, fuel flow rate, and operating temperature and pressure. The statistics indicate
that, in most cases, the total heat sink capacity is approximately three to four times greater than
the chemical heat sink value.
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Table 2.3. Fuel conversion, coke and heat sink values of various fuels

Fuel Temp Pressure Conversion Coke Total Chemical References

(°C) (bar) % deposition heat sink  heat sink

(mg/min)  (kJ/kg) (kJ/kg)

n-dodecane 727 35 88 - 2590 - Heinrich et al. (2001)
JP-7 700 23.4 - 0.93 3233 988 Huang et al. (2002)
JP-7 815 234 - - 3791 1186  Huang etal. (2004)
n-octane 700 23.4 - - 3023 953 Huang et al. (2004)
JP-8 700 234 - - 2954 802 Huang et al. (2004)
HF-1 680 50 88 - 3045 1000  Jiang etal. (2013)
n-decane 667 40 22 - 2700 550 Zhu et al. (2014)
RP-3 750 60 85 - 3250 740 Jinetal. (2017)
JP-10 730 45 88 5.78 2600 - Pan et al. (2020)
JP-10 725 40 60 161.6 2850 - Lietal. (2022)
n-decane 614 30 5 - - 300 Feng et al. (2023)
n-decane 652 30 90 55.7 - - Cheng et al. (2024)
n-dodecane 700 55 25 28 2577 559 Nalabala et al. (2024)

2.4. Influence of Catalyst on Supercritical Cracking of Hydrocarbon Fuels
Catalytic cracking of hydrocarbons is generally used to improve the cracking rate and
selectivity of desired products. The selection of catalyst depends on hydrocarbon type and
specific objective. Although many studies are available on the catalytic cracking of
hydrocarbons, only some are related to supercritical catalytic cracking on endothermic fuels.
Heinrich et al. (2001) have studied the cracking of n-dodecane fuel in the presence of a Zeolite
catalyst. The studies for catalyst and catalyst-free cases at 827 °C and with a fuel flow rate of
800 mL/min in a flow reactor. The reactor (length =1400 mm and Inner diameter = 5 mm) was
coated with a Zeolite catalyst. The chemical heat sink capacity of the fuel with and without a
catalyst is 2758 kJ/kg and 2593 kJ/kg, respectively. Zhang et al. (2002) studied the catalytic
cracking of NNJ-150 fuel (a mixture of C9 to C17 hydrocarbons) in Ag and La-impregnated
USHY and HZSM catalysts. In the presence of catalysts, the fuel cracking percentage increased
by more than two—fold compared to the thermal cracking reaction at 500 °C and 35 bar pressure.

Huang et al. (2002) studied the supercritical cracking of JP—7, JP-10, and n—octane fuels over a
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zeolite-coated tubular reactor. The coke deposition rate of JP—7, JP—10, and n—octane was 0.94,
0.88, and 0.43 mg/min, and the chemical heat sink was 1074, 823, and 409 kJ/kg, respectively,
at 723 °C and 41 bar pressure. Gokulakrishnan et al. (2011) have developed a gas-phase kinetic
model for the catalytic cracking of n-octane fuel under supercritical conditions under the
influence of Zeolite catalyst. The developed model was used to predict the n-octane cracking
products under different operating conditions, and the model showed a close fit between the
estimated and experimental results.

Huang et al. (2018) studied the pyrolysis of JP-10 fuel over Zeolite-Y in a fixed-bed
reactor. At 477 °C, 60 bar, and with a feed flow rate of 1.2 mL/min, the chemical heat sink
capacity of the fuel is 21 kJ/kg. It is reported that the product distribution pattern for the catalytic
cracking was significantly different from thermal cracking. Gao et al. (2019) studied the
suitability of Ni-doped Al,Os catalyst for the suppression of coke during the cracking of RP-3
fuel. The experiments were conducted at 680 °C and 30 bar pressure using a flow reactor. The
study claims that the catalytic steam reforming improved chemical heat sink capacity by 750
kJ/kg of RP-3 fuel. It is also reported that there was a decrease in coke deposition from 3.55
mg/min to 0.54 mg/min. However, the individual effect of steam and catalyst on heat sink
capacity and coke deposition is not reported.

A summary of the endothermic heat sink capacity of various fuels in the presence of
different catalysts is shown in Table 2.4. A catalytic system can offer an extra cushion to increase
the operating temperature due to the low value of coke yield and can improve the endothermicity
of fuels. Though a catalyst can enhance the conversion and heat sink of fuels, their demonstration
in capillary channels could be a significant challenge in designing an active cooling system for

a hypersonic engine.
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Table 2.4: Heat sink capacity of hydrocarbon fuels with various catalysts

Fuel Catalyst Temp. Pressure  Total heat sink Chemical heat sink Coke deposition References

type (°C) (bar) (kJ/kg) (kJ/kg) (mg/min)
n-dodecane - 727 35 - 2090 - Heinrich et al. (2001)
n-dodecane  Zeolite 727 35 - 2196 - Heinrich et al. (2001)
n-dodecane - 827 35 - 2593 - Heinrich et al. (2001)
n-dodecane  Zeolite 827 35 - 2758 - Heinrich et al. (2001)
JP-7 Zeolite 723 41 3414 1074 0.94 Huang et al. (2002)
JP-10 Zeolite 696 41 2605 541 0.88 Huang et al. (2002)
n-octane Zeolite 650 41 2493 309 0.43 Huang et al. (2002)
JP-10 - 687 60 2228 - Huang et al. (2018)
RP-3 - 600 30 2300 400 1.03 Gao et al. (2019)
RP-3 Ni/Al,0s 600 30 2480 480 0.12 Gao et al. (2019)
RP-3 - 680 30 3400 1000 3.55 Gao et al. (2019)
RP-3 Ni/Al203 680 30 4000 1750 0.54 Gao et al. (2019)
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2.5. Coke Deposition During Thermal Cracking of Hydrocarbon Fuels

Coke formation is an undesirable outcome that occurs during the decomposition of
hydrocarbon fuels. Coke deposition inside a fuel line may lead to engine failure by blocking the
fuel flow line. Hence, coking is a critical concern for hydrocarbons in scramjet engines.
Typically, unsaturated and cyclic hydrocarbons (i.e., CnH2n, CaH2n2, ChHn) are prone to form
coke precursors. The amount of coke formation depends on several factors, such as operating
temperature, pressure, hydrocarbon composition, dissolved oxygen level, presence of sulfur
compounds in fuel, and the metallurgy of the fuel transfer line. Generally, gum formation starts
at relatively lower temperatures for straight-chain alkanes than for branched-chain hydrocarbons.
Once the gum formation initiates, it increases exponentially with the reactions involving alkenes
and aromatic compounds. Zhu et al. (2008) have studied the coking phenomena of RP-3 fuel
pyrolysis under supercritical conditions using a tubular reactor. The coke deposition rate was
found to be about 1.5 mg/min at 470 °C and 50 bar. The study furthermore revealed that the
aromatic percentage in the liquid product increased by more than 2.5-fold (from 8.9% to 23.9%)
compared to the aromatic content in the feed. Gascoin et al. (2008) investigated the pyrolysis of
n-decane in a flow reactor. At a temperature of 852 °C, pressure of 60 bar, and a flow rate of 4.1
mL/min, the coke deposition was 20 mg/min.

Yang et al. (2012) studied the suitability of alumina coating to suppress metal—catalyzed
oxidative coking of China RP-3 fuel. The chemical vapor deposition (CVD) technique was used
to coat the alumina on the metallic (SS-321) surface. The thickness of the alumina coating varied
in the range of 318 nm to 1280 nm. The cracking experiment was carried out at 720 °C, under
50 bar pressure, with a flow rate of 75 mL/min, and for a duration of 30 min. The coke deposition
rates for bare tube, 505 nm, and 1280 nm alumina-coated tubes were 32.9 mg/min, 13.79 mg/min,
and 10.3 mg/min, respectively. Tang et al. (2014) have investigated the suitability of titanium
oxide (TiO2) coating on the coke propensity of n—hexane fuel. The inner surface of the SS-304
tube was coated with TiO2 using a CVD technique. The pyrolysis was carried out at a temperature
of 600 °C, pressure of 33 bar, and a flow rate of 40 mL/min. The study revealed that coke
formation reduced by about 76% (from 0.056 mg/min to 0.013 mg/min) with a 6-micron
thickness of TiO> coating. Gong et al. (2015) examined the efficacy of Al,Os coating on the coke
propensity of MCRI-1 (mainly consisting of C1>—Cie hydrocarbons) fuel using a tubular flow

reactor. The decomposition study was carried out. It is reported that at 800 °C and 40 bar
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pressure, the run time of the reactor increased by 3-fold with 165 nm thickness of alumina coating
compared to a bare tube.

Wickham et al. (2016) studied the coke deposition phenomena of RP-2 fuel (boiling point
range is 205-263 °C (Lisa et al. (2008)) under a high heat flux environment. It is reported that
the exposure of fuel to a heat flux of 3200 W/cm? for a duration of three minutes resulted in
about a 0.013-micron thick layer of coke deposition. Jin et al. (2017) studied the effect of
pressure on the coke yield of RP-3 fuel. The coke yield increased 1.7 times when pressure
increased from 7 bar to 35 bar at 650 °C. It is reported that at lower pressure (<15 bar), the
contribution of filamentous coke was more than amorphous coke, and an opposite behavior was
noted at higher pressures. Development of coke deposits on the reactor surface can occur via two
major pathways: i) oxidative /filamentous coking and ii) cracking/pyrolytic coking.
Heterogeneous species like sulfur, nitrogen, etc., can initiate coke formation with the dissolved
oxygen present in the fuel (Gascoin et al. (2010), Xie et al. (2009)). Pyrolytic coke deposition
occurs at high temperatures (> 450 °C), and the amount of coke depends on the extent of cracking
conversion. Fig 2.1 shows a comparison of the coke deposition rate of various fuels under

different operating conditions.
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Fig. 2.1: Coke deposition rate of various hydrocarbon fuels.
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2.6. Suitability of Initiators to Enhance Endothermicity

The cracking conversion and endothermicity of hydrocarbons can be increased with an
increase in temperature but lead to more coke deposition. To mitigate this limitation, the aptness
of initiators to improve the endothermicity of fuels at lower temperatures has been examined by
several authors. Nitrogen, oxygen, and phosphorus-containing organic initiators have weak
bonds between atoms and can be used in thermal cracking reactions to enhance the reaction rate.
In many cases, when a reaction proceeds via a free-radical mechanism pathway, the initiation
step is slower than the propagation and termination steps. Hence, organic molecules having weak
bonds are usually used as initiators. The addition of initiators to the hydrocarbon fuels can initiate
the cracking reaction by generating radicals (i.e., from initiators). These radicals having unpaired
electrons, are very active and tend to stabilize by abstracting electrons from feed hydrocarbon
molecules, thus forming higher alkyl radicals (from feed hydrocarbons). The presence of 1 wit.
% of di-tert-butyl peroxide enhanced the fuel cracking percentage of heavy oil by 55% at 430 °C
and 50 bar pressure (Chang et al. (2003)). Wickham et al. (2002, 2008) have examined the effect
of diphenyl selenide (DPS) on the heat sink capacity of n—heptane, JP-7, and n-decane fuels. At
575 °C and 38 bar, with the addition of 8 wt.% DPS, the heat sink capacity of n-heptane enhanced
by 18%. Similarly, at 600 °C, the addition of 4% DPS enhanced the heat sink capacity of n-
decane and JP-7 fuels by 7.6% and 6.7%, respectively. Wang et al. (2006) studied the suitability
of triethylamine (TEA) on the cracking performance of n-heptane. At 600 °C and 35 bar pressure,
the heptane conversion increased by about 1.7 times (from 7.5% to 12.5%) in the presence of 5.5
wt.% of triethylamine. Wang et al. (2008) investigated the suitability of tributylamine (TBA) to
improve the heat sink capacity of n-heptane. In the presence of 10 wt.% of TBA, the cracking
percentage of n-heptane increased by about 12%, and the energy input increased by about 3 times
with respect to the initiator-free case at 650 °C and under atmospheric pressure. Though the
effect of the initiator on cracking percentage and energy intake is reported explicitly, no details

about the variation in coke yield and selectivity of products are reported.

Liu et al. (2009) studied the suitability of nitropropane (NP) and triethylamine (TEA) on
the cracking performance of dodecane. At 638 °C, 40 bar pressure, and with 4 wt.% loading of
NP and TEA, the cracking percentage of the fuel increased by about 2.5% and 3.4%, respectively.

In the presence of an initiator, the alkene—to—alkane ratio decreased in the liquid product,
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possibly due to an increased rate of bimolecular hydrogen abstraction reactions. Chakraborty et
al. (2012) studied the effect of di-tertbutyl peroxide (DTBP), diisopropylamine (DIPA), and
triethylamine (TEA) on the cracking behavior of n—heptane. In the presence of 3 wt.% of TEA,
the cracking percentage of heptane increased by 10% (from 38% to 48%) at a reactor condition
of 540 °C temperature and 30 bar pressure. Though the author mentioned the benefits of initiators
on fuel conversion and selectivity of lighter olefins (e.g., ethylene and butene), no information
on coke yield and heat sink capacity is mentioned. Han et al. (2023) studied the influence of
nitropropane as an initiator on the cracking performance of n-decane fuel in a tubular flow
reactor. The study demonstrated that the addition of 2 % nitropropane enhanced the selectivity
of alkenes (Cs-Co) by 5% at 627 °C under 30 bar pressure. The addition of an initiator enhanced
the cracking percentage of n-decane by 10.5% (from 17.5% to 28%).

A summary of the consequence of different initiators on cracking characteristics of
hydrocarbon fuels is tabulated in Table 2.5. Though most of the initiators performed well in
enhancing the conversion and endothermicity, the extent of improvement depends on the type of

initiator, the concentration of the initiators, and the operating conditions.
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Table 2.5: Influence of initiators on fuel conversion and heat sink capacities

Fuel Temp  Pressure Initiator Initiator Total heat Conv.  Coke deposition References

(°C) (bar) name loading (wt.%) sink (kJ/kg) (%) (mg/min)
n-dodecane 638 40 - - - 35 0.21 Liu et al. (2009)
n-dodecane 638 40 NP 4 - 38 0.50 Liu et al. (2009)
n-dodecane 638 40 TEA 4 - 37 0.30 Liu et al. (2009)
n-heptane 600 35 - - 8 - Wang et. (2008)
n-heptane 600 35 TEA 10 - 12 - Wang et. (2008)
JP-7 600 38 - 2170 36 - Wickham et al. (2008)
JP-7 600 38 DPS 4 2230 44 - Wickham et al. (2008)
n-heptane 575 38 - 1880 5 - Wickham et al. (2002)
n-heptane 575 38 DPS 8 2209 32 - Wickham et al. (2002)
n-decane 600 38 - 2212 28 - Wickham et al. (2008)
n-decane 600 38 DPS 4 2440 49 - Wickham et al. (2008)
n-heptane 540 30 - - 38 - Chakraborty et al. (2012)
n-heptane 540 30 TEA 3 - 48 - Chakraborty et al. (2012)
n-decane 627 30 - - - 17 - Han et al. (2023)
n-decane 627 30 NM 2 - 28 - Han et al. (2023)

DPS: diphneylselenide; NP: nitropropane; NM: nitromethane; TEA: triethylamine; TBA: tributylamine
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2.7. Influence of Pressure on Cracking Characteristics

The section highlights the influences of pressure on the cracking characteristics of
hydrocarbon fuel under subcritical and supercritical conditions. Xing et al. (2008) studied the
cracking phenomena of JP-10 fuel under subcritical and supercritical conditions. At 610 °C with
a flow rate of 2 mL/min, the cracking percentage of JP-10 increased marginally (=1.2%) as the
reactor pressure was raised from 27 bar to 38 bar. The selectivity of ethylene in the cracked
products decreased, but the selectivity of methane, ethane, and propane increased with reactor
pressure. The increase in pressure Hou et al. (2013) studied the influence of pressure on the
thermal cracking behavior of China-3 fuel using a tubular reactor. The study reported that the
overall heat sink capacity of the fuel decreased from 2850 kJ/kg to 2800 kJ/kg as the reactor
pressure increased from 10 bar to 30 bar for a fixed temperature of 590 °C.

Jin et al. (2017) studied the effect of pressure on the cracking of EHF fuel using a silica-
coated tubular reactor. The fuel cracking percentage, coke deposition rate, and total heat sink
increased by 1.2 times (from 58% to 70%), 30% (from 2.5 mg/min to 3.22 mg/min), and 4.8%
(from 3100 kJ/kg to 3250 kJ/kg) when the pyrolysis pressure was raised from 15 bar to 35 bar at
750 °C and for a constant value of fuel flow rate of 300 mL/min. Wu et al. (2018) have examined
the effect of pressure on n-heptane cracking using a tubular reactor. At a temperature of 747 °C
and for a fuel flow of 1 mL/min, as the reactor pressure was raised from 1 bar to 5 bar, the
cracking percentage of heptane increased from 88% to 93%. Zhou et al. (2014) studied the effect
of pressure on n-decane cracking using a flow reactor. The conversion and endothermicity of the
fuel increased from 27% to 64% and 516 kJ/kg to 778 kJ/kg, respectively, as the reactor pressure
was increased from 30 bar to 50 bar at a temperature of 640 °C and for a fuel flow rate of 80
mL/min. Jiao et al. (2019) examined the effect of pressure on RP-3 cracking conversion using a
flow reactor. The fuel conversion increased from 38% to 47% as the reactor pressure was

increased from 25 bar to 55 bar at a temperature of 647 °C.

Therefore, from the literature survey, it is noted that fuel conversion improved
moderately with reactor pressure when the operating pressure was less than the critical pressure
of fuel. However, when the operating pressure was above a critical pressure, the influence of

pressure on fuel conversion and endothermicity was relatively low.
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2.8. Numerical Simulations on Supercritical Hydrocarbon Cracking

Goel et al. (2000) performed simulation studies to examine the supercritical cracking of
Jet fuel. A single-step global kinetic model was developed to understand the pyrolysis
mechanism. The simulation results were validated by performing experiments with n-dodecane
at 600 °C and 48 bar for a flow range of 8 mL/min to 20 mL/min. The deviation between the
model-predicted and experimental wall temperatures is less than 20%. Daniau et al. (2005)
developed a global kinetic model to predict the product composition of long-chain saturated
hydrocarbons (CnH2n+2). The kinetic model was formulated using Norpar-12 fuel (a combination
of Co to C12 hydrocarbons), and the model results were validated experimentally using n-
dodecane (Ci2H26) for a temperature range of 380 °C to 827 °C under 100 bar. The model-
predicted data showed good agreement with the experimental results for most of the alkanes and
alkenes except ethylene. However, the author does not reveal the model parameters in the article.
Ward et al. (2005) used a flow reactor to investigate the thermal cracking of n-decane and n-
dodecane at supercritical pressures. The Proportional Product Distribution (PPD) model was
developed and validated based on a two-dimensional Computational Fluid Dynamics (CFD)
simulation. The PPD model accurately characterizes the product species distribution for a fuel
conversion of less than 20%. The study also revealed possibilities of bimolecular reactions for
higher pressures. However, the coke deposition aspect was ignored in the study. Feng et al.
(2018) also performed a similar kind of simulation study considering a lesser number of cracking
reactions and species.

Gascoin et al. (2010) studied the cracking of n-heptane, n-decane, n-dodecane, and
kerosene range fuels in a flow reactor. The experiments were performed for a wide range of
temperature (477 - 827 °C) and pressure (10 - 60 bar) values. The experimental results were
linked with the simulated combustion chamber (SCC). Dodecane was used as a coolant for the
SSC. It is reported that the coolant (i.e., dodecane) temperature raised from 27 °C to 1027 °C at
the exit of the regenerative cooling channel, and the heat sink by the coolant is 2270 kJ/kg. Zhu
et al. (2014) performed a simulation of n-decane cracking for a temperature range of 600 to 630
°C and a pressure range of 42 bar to 53 bar. The simulation results were verified with
experiments. However, the author did not mention the heat sinks and coke deposition aspects.
Xu et al. (2015) proposed a mathematical model to investigate the fluid flow and heat transfer
behavior of RP-3 fuel at supercritical conditions. An exhaustive reaction mechanism considering

18 species and 24 elementary reactions, along with transport equations, was incorporated into

25



the simulator to study the effect of pyrolysis on flow and heat transfer characteristics. However,
the phenomena of coke deposition are not highlighted in the work.

Li et al. (2018) simulated the impact of cooling channel geometry on the cracking
characteristics of HF-1 fuel. The study revealed that under a reaction condition of 700 °C and 40
bar pressure, a square-shaped (1.75 mmx 1.75 mm) channel showed a 17% greater conversion
of HF-1 compared to a 2 mm diameter circular channel. However, the square channel offered
67% more coke compared to the circular channel. The heat sink aspects are not elucidated in the
work. Bao et al. (2014) studied the supercritical cracking of n-decane fuel using a square-shaped
(2 mmx 2 mm) flow channel at a constant heat flux of 1.5 kW/m? and with a feed flow rate of
82 mL/min. To understand the variation in fluid temperature and flow velocity within the reactor
system, the team performed a simulation study considering a one-step global kinetic model. The
simulation showed a sharp variation in temperature, velocity, and heat transfer profiles at the
corners of the rectangular channel. However, the author did not emphasize the coking
phenomena.

Xu et al. (2016) performed simulation studies to examine the influence of constant heat
flux on the cracking characteristics of RP-3 fuel under 50 bar pressure and for a fuel flow rate of
150 mL/min. The fuel conversion increased by 70% (from 10% to 80%) with the increase in heat
flux from 1.5 MW/m? to 2.5 MW/m?. The wall temperature increased by 190 °C (from 637 °C
to 827 °C), and the chemical heat sink improved by 2.6 times (from 535 kJ/kg to 1413 kJ/kg) for
the corresponding increase in heat flux. Jiang et al. (2019) have performed numerical simulations
of n-decane cracking under 30 bar pressure. The conversion of n-decane increased by 67% (from
17% to 84%) with the increase in heat flux from 1.7 MW/m? to 3.3 MW/m?,

A summary of numerical simulations for different hydrocarbons are given in Table 2.6.
From the literature, it is evident that simulation studies were performed for various fuels, like n-
decane, HF-1, and RP-3, to examine the pyrolysis and heat transfer characteristics of fuels under
a supercritical environment. However, simulation studies on coke formation under supercritical

conditions are not found in any of the above articles.
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Table 2.6: Summary of numerical simulations of hydrocarbon fuel cracking studies.

Fuel Model used Solution technique used Software/code Remarks References
n-dodecane ODE 15 Method of lines (MOL) Matlab Temperature profile Goel et al.
programming validated with (2000)
experiments
n-decane Proportional nonlinear equations are discretized with 2" order central Inhouse code Temperature profile Ward et al.
product difference scheme. validated with (2004)
distribution (PPD) experiments
n-dodecane RESPIRE governing equations are discretized in space with centered Inhouse code Temperature profile Gascoin et
explicit scheme validated with al. (2010)
experiments
n-decane PPD governing equations are discretized in space with centered  Ansys Fluent Temperature profile Zhu et al.
explicit scheme, using pressure-based solver and k-omega validated with (2014)
SST wall functions. Global kinetic (GKM) models were experiments
used to predict species distribution.
n-decane PPD governing equations are discretized in space with centered  Ansys Fluent Temperature profile Tiang et al.
explicit scheme, using pressure-based solver and k-omega validated with (2019)

SST wall functions. Differential global reactions (DGR)

models were used to define species distribution

experiments
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2.9. Summary of Review

Numerous research groups have examined the cracking characteristics of various
hydrocarbon fuels, such as JP-7, JP-8, RP-3, HF-1, JP-10, n-octane, n-decane, and n-dodecane,
across a temperature range of 400-700 °C and at a pressure range of 10-50 bar. The studies
showed that fuel conversion and fuel heat sink capacity depend on several factors like fuel
composition, operating temperature, pressure, feed flow rate, reactor geometry, etc. Fuels
comprised of Cg to C14 hydrocarbons have a heat sink capacity in the range of 2000-3200 kJ/kg
at 550-750 °C and 20-50 bar pressure. Most fuels have an endothermic (chemical) heat sink
capacity in the range of 500-1100 kJ/kg. Most of the researchers adopted reactor heating through
direct current. In some studies, the fuel was heated by a preheater before entering the reactor
zone. The heat sink capacity of hydrocarbon fuels is mentioned using different terminologies,
such as total heat sink, total heat absorption, and physical heat sink. However, they look to be
similar in some ways, if not identical.

Despite the operating temperature and pressure being nearly equal, various research groups
have reported significantly different values of heat sink for the same fuel. We believe that the
deviation is mainly due to the different quantities of heat loss assumed by different
authors. Almost all studies claimed that the chemical heat sink capability of a fuel increased
with an increase in temperature. In most articles, the computation of endothermicity is not clearly
spelled out. In many articles, the NIST SUPERTRAPP database was used to estimate fluid
properties. It is also noted that the fuel residence time in many studies exceeds 30 s. However,
for hypersonic engines, the fuel residence time is expected to be significantly shorter, possibly
less than 10 s. A few studies explicitly discussed the relationship between endothermicity, coke
deposition, and fuel conversion.

Coking is unavoidable in the thermal cracking of hydrocarbons. The amount and type of
coke formation depends on fuel type and composition, cracking severity, presence of
contaminants in a fuel, reactor metallurgy, etc. Several articles mentioned the two important
routes of coke deposition (namely, metal-catalyzed coking and pyrolytic coking). Coke
vulnerability can be reduced in a variety of ways, including continuous purging of nitrogen into
the fuel tank, coating of reactor tube, and lowering the sulfur and oxygen content in the fuel.
Scientists have investigated the efficacy of heterogenous catalysts such as Pt-Al,O3, HZSM-5,
SAPO-34, and zeolites to improve the heat sink capacity of n-heptane, JP-7, JP-8, JP-10, and n-

octane. Though the catalysts have shown some favorable benefits on heat sink capacities,
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housing/coating catalysts inside a narrow (usually 1-2 mm ID) tube may pose a substantial
problem in actual circumstances. The release of catalyst particles/fines from the coating's outer
layer and the clogging of the fuel nozzle could be another concern.

Some studies have been conducted by researchers to examine the effectiveness of
different initiators, such as nitropropane, tributylamine, and triethylamine, in enhancing
endothermicity. Furthermore, it has been found that a significant portion of initiator
investigations were conducted using single-component hydrocarbon fuels. The impact of
pressure on endothermicity is negligible when the operating pressure exceeds 1.5 times the
critical pressure of a fluid. While certain groups of scientists directed their attention toward the
heat sink and coking characteristics, others concentrated on the conversion and Kinetic aspects
of hydrocarbon pyrolysis. Except for a limited number of modelling studies, the existing
literature on endothermic fuel lacks a comprehensive mass-balance analysis required for a flow
system. Simulation studies of the thermal cracking of hydrocarbon fuels such as decane, HF-1,
and RP-3 were performed by a few researchers.

Chapter 2 provides a comprehensive overview of research updates pertaining to the field
of hydrocarbon fuels for hypersonic engines. An effort was undertaken to integrate the
aforementioned elements in a coherent fashion, with the intention of presenting the content in a
concise and easily understandable manner, hence anticipated to be of significant worth to

researchers.

2.10. Gaps/Limitation noted on Endothermic Fuel Development

From the literature survey on endothermic fuel development, it has been found that the primary
focus of investigations was on fuel conversion and heat sink studies (Yue et al. (2014), Jin et al.
(2017), Li et al. (2018), Sun et al. (2019)). Investigations on coke deposition aspects under
supercritical cracking of hydrocarbon fuels are limited in numbers and also not in depth. As the
heat sink capability of a fuel depends on many factors, such as the type of hydrocarbon fuel,
operating conditions, combustor metallurgy, etc., the study needs careful consideration of these
parameters. Based on the literature review, the major gaps noted in the available literature

include:

o The majority of fuel cracking investigations have been carried out at a temperature range of

500-600 °C and below 45 bar pressure. The heat sink capacity reported for the temperature

29



range may be sufficient for the cooling requirements of up to Mach-5 speed engines.
Generally, the cooling requirement increases with the engine speed. Hence, the heat sink
capability offered by a fuel at 600 °C may not be enough to cool a scramjet engine above
Mach-5 speeds.

e As the critical pressure of lighter hydrocarbons (e.g., C1, Cz, and Ca) is greater than 45 bar.
Hence, it would be preferable to study the fuel cracking experiments above 45 bar to
maintain a single-phase system within the reactor.

e Only a limited number of articles are available on the heat sink capacity of hydrocarbon
fuels above 600 °C and 50 bar pressure. Among the limited members, the majority are on
single-component fuels, and only a few studies are related to multi-component fuels.

e While numerous studies reported the cracking and heat sink characteristics of different
hydrocarbons, comprehensive details on fuel conversion, product composition, and coke
deposition rates are not provided in a single document. As a result, establishing a general
correlation between different operating parameters and fuel cracking characteristics
becomes a challenge.

¢ In calculating the heat sink using a direct heating system and Eq 2.1-2.4, heat loss estimation
is very crucial. In most of the literature, the heat loss information is either not considered or
not reported.

e For a single-component fuel, the enthalpy calculation (Eq 2.3-2.4) at the inlet and exit
conditions is much simpler. But for multi-component fuels, obtaining the enthalpy change
value challenge. In many articles, researchers have considered an equivalent single-
component fuel in computing the enthalpy change for multicomponent fuels.

¢ In more than 90% of the literature, scientists have reported only the reactor-containing coke
and have not provided insights about carry-away or bulk-flow coke in mentioning the coke
deposition data. The total coke should be a combination of both reactor-containing coke and
carry-away coke.

¢ Although some studies mentioned about the use of initiators in enhancing cracking reactions,
explicit details regarding feed and product characterization and the impact of initiators on
coke deposition aspects are often ignored.

e Some researchers have studied the heat transfer characteristics of hydrocarbon fuels under
supercritical conditions. However, simulation studies on coke depositions within the cooling

channel are not explicitly studied.
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3.1. Materials

The raw materials and analytical chemicals considered for the present work were
procured from various sources. Hydrocarbon fuels, designated as HCF-1 and HCF-2, were
procured from Ogene Systems India Pvt. Ltd., India. The fuels were used for pyrolysis studies
without further treatment. n-Heptane (CAS: 142-82-5, 99%), methylcyclohexane (CAS: 108-87-
2, 99%), toluene (CAS: 108-88-3, 99%) were procured from SRL Pvt. Ltd., India. Triethylamine
(TEA) (CAS: 121-44-8, 99%) and di-tert-butyl-peroxide (DTBP) (CAS: 110-05-4, 99%) were
procured from S D Fine Chemicals Ltd., India. Experimentally determined properties of the
HCF-1, HCF-2, and other hydrocarbon fuels considered in this research are given in Table 3.1,
and more details are available in subsequent chapters. A flow diagram of the hydrocarbons

considered for the experimental work is shown in Fig 3.1.

Table 3.1: Properties of hydrocarbon fuels

Properties n-heptane MCH Toluene HCF-1 HCF-2
Specific gravity at 28 °C 0.67 0.76 0.86 0.790 0.795
Boiling range (°C) 95.8-96.1 98.2-98.8 107.8-108.7 168-220  172-219
Average boiling point* (°C) 96 98.5 108.4 187 191
Aniline point (°C) 68 +1 39+1 <20 66+ 1 68+1
Aromatic content (vol. %) 0 0 100 96+02 83x0.2

*Data are obtained from ASTM D86 distillation
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Fig. 3.1: Flow diagram of hydrocarbons considered for experimental studies.

Other laboratory-grade analytical reagents, such as n-pentane (CAS: 109-66-0, 99%) 1-
hexene (CAS: 592-41-6, 99%), n-hexane (CAS: 110-54-3, 99%), benzene (71-43-2, 99%),
cyclohexane (CAS: 110-82-7, 99%), 1-heptene (CAS: 592-76-7, 97%), 1-octene (CAS: 110-82-
7, 99%), 1-octene (CAS: 111-66-0, 98%), n-octane (CAS:111-65-9, 99%), m-xylene (CAS:
1330-20-7, 99%), o-xylene (CAS:95-47-6, 98%), n-nonane (CAS: 111-84-2, 99%), n-decane
(CAS:124-18-5, 99%), n-undecane (CAS:1120-21-4, 99%), n-dodecane (CAS: 112-40-3, 99%)
were procured from Hychem Laboratories, India. Nitrogen (N2) gas (99.9%) and oxygen (Oz)
gas (99.9%) were procured from G.M. Tech, India. A calibration gas mixture comprising
methane (15.4%), ethane (4.8%), ethylene (9.3%), propane (9.9%), propylene (5.1%), isobutane
(4.2%), n-butane (3%), 1,3-butadiene (1.8%), 1-butene (4.8%), N2 (25%), CO2 (6.2%), H:
(9.9%) was procured from Chemix Specialty Gases and Equipment, India. Another gas mixture
composed of 20% CO, and 80% N2 (by volume) was procured from Chemix Specialty Gases
and Equipment, India, for calibration of CO> analyzer. For gas chromatography analysis, Helium
(He) (99.9%) and argon (Ar) (99.9%) gases were procured from Chemix Specialty Gases and

Equipment, India.
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3.2. Experimental Setup and Procedure Details

Designing a suitable test rig for conducting pyrolysis experiments of hydrocarbon fuels
under supercritical conditions is crucial in this work. The heat sink characteristics of hydrocarbon
fuels cannot be accurately determined using a simple furnace-heating reactor setup. An autoclave
or a batch reactor is not suitable for performing a constant pressure cracking experiment.
Fabricating a setup that closely simulates the conditions of an actual supersonic vehicle is a
challenging task. In the present work, a high-pressure tubular flow reactor was fabricated to
perform the pyrolysis experiments under supercritical conditions.

A schematic of the experimental setup used to investigate the cracking behavior of
hydrocarbon fuels under supercritical conditions is shown in Fig. 3.2 and the image of the setup
is shown in Fig. 3.3. The setup consists of a 5 L capacity fuel tank, high-pressure fuel pump,
direct power supply system, stainless steel reactor, filters, step-down transformer, temperature
sensors, gas-flow meter, pressure sensor, back-pressure regulator, double pipe heat exchanger,
and gas-liquid separator with necessary connections and fittings. The reactor section consists of
a 750 mm long SS-316 tube with an internal diameter (ID) of 2 mm, spot-welded thermocouples,
and a step-down transformer with a power regulator. The reactor section was covered with a 30
mm thick asbestos block from all sides to minimize heat losses to the surrounding environment.
Five K-type thermocouples were spot-welded at equidistant along the reactor length to measure
the reactor surface temperatures. A gap of 50 mm was left between the two ends to allow the
clamps of the direct heating terminals. The temperature of the last thermocouple (placed at a
distance of 80 £ 1 mm before the exit end) was considered as the reactor temperature in this
study. The temperatures of the fuel at the reactor inlet and exit were measured using
thermocouples that are directly in contact with the fuel. For safety purposes, a high-pressure
alarm facility coupled with the fuel pump was always activated during the experiments. For
additional safety, the reactor section was covered with a transparent enclosure during the

experiment.
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Fig. 3.2: A schematic (top) of test setup and a zoomed view of reactor section (bottom).

(NRV: non-return value, filter, PI: pressure indicator, HE: heat exchanger, PG: pressure gauge,
BPR: back-pressure regulator, GLS: gas-liquid separator, TI: temperature indicator, CW: cold
water, HW: hot water, FEI: flanges with electrical isolation, T1—Ts: spot-welded thermocouples,

Tin and Tout: thermocouples inserted in fuel line).

Fig. 3.3: Photograph of experimental setup.
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The fuel tank was filled with about 4 L of test fuel. During the experiment, the liquid fuel
was constantly purged with N2 gas to reduce the concentration of dissolved oxygen in the fuel.
The fuel was pumped through the reactor line at a desired flow rate. The back-pressure regulator
was used to increase the pressure in the reactor line to a desired value. After ensuring no leakage
in the reactor line, the data logger software (Thermohumid, model PK2070-51) was enabled, and
the electrical power supply was gradually increased to attain the experimental temperature using
the step-down transformer and dimmer stat. Once the reactor temperature reached the desired
value of experimental temperature, no further increments in power supply were performed. In
all experiments, the temperature reading of the Ts thermocouple (shown in Fig. 3.2) was
considered as the reactor exit temperature or reactor temperature in the present thesis. After
reaching a stable value of the desired temperature, the experiment was carried out for about 20
minutes to collect sufficient gas and liquid products. The reactor exit stream was depressurized
to atmospheric pressure after passing through a water-cooled heat exchanger. After
depressurization, the product stream was directed to the gas-liquid separator. The Gaseous
stream was passed through a gas flow meter and collected in a gas bladder for its composition
analysis. The gas flow rate reading was logged at 20-second intervals, and the average value was
used in the subsequent mass balance analysis. The liquid product flow rate was measured three
times at an interval of 6 + 1 minute, and the average of the three readings was used for
computational purposes. The liquid products were collected in a glass vessel for further
investigation. After collecting the gas and liquid samples, the reactor power source was turned
off, and the reactor was allowed to cool down. When the reactor temperature dropped below
60°C, the fuel flow was stopped, and N2 gas flow was directed through the reactor to flush out
the hydrocarbon fuel from the reactor line. Upon completion of the pyrolysis experiment, the
downstream section was disconnected from the reactor portion for the coke analysis, and the

procedure details are elaborated in section 3.4.

3.3. Numerical Simulation on Thermal Cracking of Hydrocarbons
Apart from the experimental work, simulation studies on hydrocarbon cracking were also
performed in this research. The main purpose of the simulation work is to develop a predictive

coke model based on cracking kinetics and fuel properties. FLUENT 21 software with the finite
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volume method was used in numerical simulation. The SIMPLEC algorithm coupled with
pressure and velocity parameters into the FLUENT. The least squares cell method with a second-
order implicit scheme was chosen for spatial discretization. A second-order upwind scheme is
used for turbulent kinetic energy and turbulent dissipation rate to improve accuracy and
robustness in computation. A global kinetic model was used to estimate the product species
distribution.

To investigate the fuel cracking, as shown in Fig. 3.4, and coking phenomena along the
length of the reactor, a two-dimensional (2D) axisymmetric geometry, as shown in Fig. 3.5, was
constructed for computation. S1 is the domain that represents the bulk fluid phase, and S2
indicates fluid and metal wall interfaces, L and r are the length and radius of the reactor tube. An
inflated mesh with a thickness of 5x10* mm for fifty layers was assigned in the simulation to
capture the variation in fluid properties and its influence on flow analysis. The aim of this study
is to find the concentration of coke precursors at various points along the reactor length.

The concentration of coke precursors, operating parameters, and feed properties were coupled to

develop a coke model. More details about the Coke model are mentioned in Chapter 7.
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Fig. 3.4: A schematic of thermal cracking of hydrocarbon in a flow reactor.
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Fig. 3.5: Scheme of computational domain considered in numerical.

3.4. Characterization Techniques Used in Present Research
Several characterization techniques and methodologies were employed in the study to
evaluate the physico-chemical properties of the fuels and cracked products. A brief description

of the key analysis procedures is given below.

3.4.1. GC and GC-MS analysis

The gas chromatography (GC) technique was used to identify the composition of the gas
and liquid mixture. To identify the components in the fuel samples, a GC instrument (Agilent
7820A) equipped with a BP-1 PONA column and a flame ionization detector (FID) was used in
the study. N2 gas was used as the carrier gas, and a mixture of Hz and air was used for ignition.
In the analysis, the temperature program used for the column includes a gradual increase in
temperature from 70 °C to 120 °C at a rate of 5 °C/min, held for a minute at 120 °C, and then
raised again to 280 °C at a rate of 2 °C/min. A liquid mixture comprising of n-heptane, 1-
hexaene, benzene, cyclohexane, 1-heptene, iso-octane, methylcyclohexane, 1-octene, n-octane,
toluene, o-xylene, n-nonane, n-decane, n-undecane, n-tetradecane, and n-hexadecane was used
to calibrate the GC. Further, to quantify the various compounds in the liquid feed and products,
a GC-MS (model Agilent 5977) analyzer coupled with an HP-5 column and an FID detector was
used in the work. Helium gas was used as the carrier gas. The temperature program adopted for
the column includes a ramp from 50 °C to 180 °C at a rate of 5 °C/min, hold at 180°C for 5
minutes, and then elevate to 300 °C at a rate of 10 °C/min. The temperature of the detector was
fixed at 300 °C, while the temperature of the quadrupole MSD was kept at 150 °C.
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3.4.2. Micro-GC analysis

A multichannel micro-GC instrument (Agilent 490) was employed for analyzing the
composition of cracked gas products. The GC system is equipped with three independent
columns and thermal conductivity detectors (TCD). Channel-1, consisting of a molecular sieve
5A column (2.25 mm ID, 10 m long), was used to identify Hz, N2, Oz methane (C1), and CO
gases. Channel-2 consists of a PoraPLOT U column (0.25 mm ID, 10 m long) used to identify
Co (i.e., ethane, ethylene, and acetylene) hydrocarbons. Channel-3 coupled with SP-1 column
(0.15 mm ID, 10 m long) was used to identify mainly Cs (propane and propylene) and C4 (butane,
butene, isobutane, 1,3-butadiene, etc.) hydrocarbons. In the analysis, Ar gas was used for
Channel-1 and He was used for the other channels as carrier gases. The temperature and pressure
program used for the three channels is listed in Table 3.2.

Table 3.2: Temperature and pressure program used for Micro-GC
Channel-1 ~ Channel-2  Channel-3

Injection temperature (°C) 110 110 110
Carrier gas pressure (kPa) 150 110 80
Temperature (°C) 80 120 120

3.4.3. Scanning electron microscope (SEM) analysis

An SEM apparatus (Apreo FESEM) paired with an Evehart-Thomley detector was used
in the study to examine the surface morphology of solid deposits or coke samples. Back-scattered
electrons (BSE) signals were employed in the analysis to generate surface pictures of the
samples. To improve the electrical conductivity of the test samples, the samples were spread
over a silicon wafer and sputtered with an Au material. The analysis was made in a vacuum mode

with a voltage of 20 kV at various magnifications.

3.4.4. ASTM D86 distillation characteristics

ASTM D86 is the standard test technique used to measure the boiling range
characteristics of petroleum-derived fuels under atmospheric pressure. The distillation curve
produced by the ASTM D86 method is often called the D86 distillation curve. The test quantifies
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the percentage of sample vaporized with temperature. An automated ASTM D86 distillation
equipment (Haage DA 40.10, Estanit GmbH) was used to find the boiling properties of feed fuel
and product samples. The distillation flask was filled with 100 mL of the test sample and placed
inside the heating chamber. The generated vapors passed through the condenser, maintained
below 25 °C. The condensed vapors were collected in a measuring cylinder. The system
automatically measured the volume of distillate and the corresponding vapor temperature. The
analysis provides the Initial boiling point (IBP), Final boiling point (FBP), and average boiling
point (Tavg) temperature of test samples. The following formula (Eq. 3.1) was used to calculate

the Tavg value of the fuel samples.

Tooor + Tonor + Tanor + Vanor + Tenor + Tenor + Toror + Tanor + 1

o _ " 10% 20% 30% 40% 50% 60% 70% 80% 90%
T, (°C) = Eq. (3.1)

9

where, Ti0% and T2o% indicate the temperature corresponds to 10% and 20% (by volume) of

distillate collection, respectively.

3.4.5. Moisture content analysis

The moisture content of the fuel samples was determined using a Karl Fischer (KF)
Titrator (Spectralab MA-101C). Initially, 50 mL methanol was added to the KF sample holder,
and the moisture content of the methanol sample was neutralized with KF reagent. Then, about
10 mg fuel sample was added to the same vessel, mixed for 5 minutes, and titrated with KF
reagent until neutralization. The moisture content percentage of the sample was calculated using

the following expression (Eg. 3.2).

volume (ml) of KF reagent xF
weight (mg) of fuel sample

Moisture content (wt.%) = %100 Eq. (3.2)

where, ‘F’ is the KF reagent factor, mg/mL. The value of ‘F’ was estimated by titrating 10 mg
of pure water in the neutralized methanol and the obtained value of the factor is 2.2 mg/mL.

3.4.6. Aniline point analysis
The aniline point test is used to get a qualitative idea about the relative value of aromatics

present in fuel samples. In the work, the aniline point temperature of the fuel and liquid products
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was measured using an aniline point apparatus (Popular Science Apparatus Workshop Pvt. Ltd.
India). In the analysis, an equal volume (10 mL) of anhydrous aniline and the hydrocarbon
sample was taken into a test jar. The mixture is heated gradually until the two phases blend into
a single-phase solution. The minimum temperature at which the two-phase mixture converts to
a single-phase solution during heating is referred to as the aniline point temperature of the test
sample. A higher value of aniline temperature signifies a lower amount of aromatic content in

the test sample.

3.4.7. Calorific value analysis

The calorific value of a fuel sample measures the amount of energy content in the fuel.
The quantity of energy released during the complete combustion of a unit mass of a test sample
is the calorific value of the sample. Fuel efficiency is directly related to the calorific value of a
fuel. In the work, a bomb-calorimeter apparatus (Hamco Automatic Bomb calorimeter) was used
to determine the gross calorific value of the hydrocarbon fuels. The calorimeter water bucket is
filled with 2 L of distilled water. About 1 g of fuel sample was taken into the sample holder. The
bomb is filled with oxygen gas to a pressure of 30 bar. The bomb was placed into the calorimeter,
and the electrodes were safely attached to both the bomb and the ignition unit. After ignition, the
temperature rise was recorded at regular intervals. The following expression was used to estimate
the gross calorific value of test samples. The measured calorific value of the studied fuels is in
the range of 40 to 50 MJ/Kkg.

3.4.8. Coke analysis

For a continuously-flow reactor, the total coke is the sum of ‘carry-away’ or ‘flow away’
coke and ‘reactor-containing’ coke. In the present research, different techniques (namely
gravimetric and spectroscopic) were used to quantify the two types of coke. The gravimetric
method was used to quantify the ‘carry-away’ or ‘flow-away’ coke, whereas the spectroscopic
technique was used to estimate the amount of ‘reactor-containing’ coke. Most of the carry-away
coke was deposited near the 7-micron filter, placed before the back-pressure regulator. The
downstream segment of the reactor line was cleaned with acetone to collect the carry-away coke.
The coke sediment was filtered and dried at 100 + 3°C before measuring its weight. In the

spectroscopic method, the reactor-containing coke was indirectly measured by converting the
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coke into CO». The reactor-containing coke was burned in the presence of air at about 700 °C.
A non-dispersive infrared-based CO. analyzer was used to measure the concentration of CO2 in
the flue gas. The CO2 concentration and gas flow results were used to estimate the amount of
reactor-containing coke according to Eq. 3.3. The sum of the carry-away coke (obtained from
the reactor downstream section) and reactor-containing coke (obtained from the reactor section)
is the total amount of coke formed during the pyrolysis experiment. The following expression

(EQ. 3.4) was used to determine the coke deposition rate in this thesis.

Reactor - containing coke (g) =
CO, concentration ( ppm)x At (min)x gas flow rate (cc/ minat STP)xM , (g/mol) Eq.(3.3)
V, (cc/mol)

Eqg. (3.4)

Coke deposition rate (mg/(min) :[ total coke (mg) j

experimental duration (min)

where, My = molecular weight of carbon, and Vm = volume of gas at STP condition.

3.4.9. Mass balance analysis

For a flow process, mass or material balance analysis plays a vital role in considering a
valid experiment. In the current study, to check the overall mass balance, 'mass in' into the reactor
and 'mass out' from the reactor were calculated in each experiment. A brief of the steps followed
in the analysis is:

Mass inflow (g/min) = feed flowrate (mL/min) x feed density (g/mL) Eg. (3.5)
Mass outflow (g/min) = liquid overflow (g/min) + gas outflow (g/min) + coke formation rate
(9/min) Eg. (3.6)
Liquid outflow (g/min) = liquid flowrate (mL/min) x density of liquid (g/mL) Eq. (3.7)
Gas outflow (g/min) = gas flowrate (mL/min at STP) x average density of gas (g/mL at STP)

Eqg. (3.8)

The flow rate of gas and liquid products was measured during the experiment. The

average density of gas was estimated from the composition analysis of gaseous products. Eq. 3.4
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was used to find the coke formation rate. For all the reported results in this thesis, the mass

balance analysis satisfied between 95% and 99%.

3.4.10. Repeatability and Uncertainty

In most circumstances, experimental investigations are not fully free from some degree
of error and uncertainty. Generally, the error percentage is relatively higher for small-scale (< 1
g) studies compared to bench-scale experimental studies. A significantly larger amount (= 15 -
40 g/min) of fuel material was considered for the present studies. To find the difference in results
between two identical runs, about 70% of the cracking experiments were repeated, and the
observed variation was less than 5% in all the experimental results. However, in the case of gas
analysis results, the difference between the two identical analyses was slightly higher side (nearly
5- 8%). To accommodate the percentage deviation in the experimental results, an error bar
symbol has been used in most of the results presented in this thesis. Uncertainty in experimental
data may be due to fluctuations in operating variables. The typical value of fluctuation noted in
the instrumental readings are: reactor temperature: + 3 °C; reactor pressure + 1 bar; fuel flow rate

+ 0.1 g/min, and power input from stepdown transformer: £ 15 watts.
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Investigation of Cracking Characteristics of Single-Component

Hydrocarbons Under Supercritical Conditions

4.1. Introduction

The efficacy of hypersonic vehicles depends on the management of thermal loads that
arise due to fuel combustion, especially at speeds exceeding Mach-5 (Curran et al. (2001)).
Passive cooling techniques, like insulating and coating materials, can enhance safety and speed
limits, but the extra weight can reduce the overall performance of an engine. Cryogenic fuels,
such as liquid methane and hydrogen, can offer efficient cooling but require a larger volume for
storage. Cooling of hypersonic engines by the utilization of onboard fuel can be an efficient
technique, as reported by many authors. However, the sensible heat sink of a fuel alone cannot
provide enough cooling capacity. Hence, the extraction of additional heat by fuel cracking
reactions is a viable approach to enhance the overall heat sink capacity of a fuel and engine
efficiency (Zhang et al. (2021), Mahapatra et al. (2008)). The suitability of catalytic cracking of
hydrocarbons under supercritical conditions to improve fuel conversion and heat sink value has
also been investigated by several authors (Yeh et al. (2015), Xian et al. (2010)). However,
coating of catalytic material within a narrow tube is a significant challenge in practice. The
formation of coke at high temperatures is a critical issue for achieving high conversions (Hou et
al. (2014)). Studies have been conducted to evaluate the efficacy of additives/initiators in
reducing coke deposition during pyrolysis reactions (Liu et al. (2008), Wang et al. (2020)). The
pyrolysis of hydrocarbons with differing molecular structures was investigated by Liu et al.
(2020). The study concluded that the heat sink capacity of iso-alkanes is greater than that of

straight-chain alkanes and cyclic alkanes under similar environments.

In most thermal cracking studies, experiments were conducted at a temperature range of
450-650 °C and a pressure below 40 bar. Although for most hydrocarbon fuels with a carbon
number of more than six, the critical pressure is less than 30 bar, the cracked products, such as
methane, ethane, and ethylene, can exit under a subcritical state below 40 bar pressure. The
critical pressure for methane, ethane, and ethylene are approximately 46, 48, and 51 bar,
respectively. In most of the literature, heat sink values for different fuels are furnished without

the details of heat loss percentage and the basis of endothermicity calculation. It is also noted
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that the information related to fuel conversion, product composition, and coke deposition is not
furnished in a single document. Hence, the limitations in the current literature prompted us to
design an appropriate test setup to perform fuel-cracking experiments at high temperatures (up
to 750 °C) and under 60 bar pressure. The objective is to examine the cracking characteristics
and heat sink capacity of different hydrocarbons under supercritical conditions. In the present
chapter, hydrocarbons with an equal number of carbon atoms but with different configurations
were chosen to investigate their cracking characteristics under supercritical environments. Three
hydrocarbons, namely n-heptane (straight-chain alkane), methylcyclohexane (cyclo-alkane), and
toluene (aromatic compound), were considered in the investigation. The other aspect of the
present investigation is establishing a standard methodology for analyzing and estimating
various parameters like fuel conversion, coke deposition, and heat sinks. The experimental
results are compared to understand the influence of hydrocarbon types on cracking conversion,
coke deposition rate, and heat sinkcapacities for a temperature range of 500 °C to 700 °C.
Additionally, a kinetic study was performed to determine the kinetic parameters of the cracking

reactions.

4.2. Materials, Experimental Procedure, and Characterization Techniques

For the present work, n-heptane, methylcyclohexane, and toluene were procured from
SRL Pvt. Ltd., India. Other analytical reagents were procured from Hychem Laboratories, India.
N2 gas (99.9%) and O2(99.9 %) were procured from G.M. Tech., India. A calibration gas mixture
comprising methane (15.4%), ethane (4.8%), ethylene (9.3%), propane (9.9%), propylene
(5.1%), isobutane (4.2%), n-butane (3%), 1,3-butadiene (1.8%), 1-butene (4.8 %), N2 (25%),
CO- (6.2%), H2 (9.9%) was procured from Chemix Specialty Gases and Equipment, India.

A high-pressure flow reactor was used to conduct the pyrolysis experiments under
supercritical conditions. The schematic of the experimental setup is presented in Fig. 3.1 in
Chapter-3. In each case, after attaining a stable temperature, the experiment was performed for
about 20 min to collect the gas, liquid, and coke data. Gas and liquid samples were collected
separately for further analysis. Further details about the experimental procedure are reported in
Chapter-3.
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About 40 % of the cracking experiments were repeated to find the deviation between two
repeated runs, and the observed variation lies within 5% in all the experimental results. However,
in gas analysis using micro GC, a slightly higher percentage (5% to 8%) difference between two
identical analyses was noted specifically for the gases with less than 5 % contribution in the gas
mixture. An error bar is kept in most of the experimental results to indicate the deviation in the
experimental results. Uncertainty in experimental results can arise due to fluctuations in
operating variables. The typical value of fluctuation noted in the instrumental readings is reactor
temperature: = 3 °C; reactor pressure + 1 bar; fuel flow rate + 0.1 g/min, and power input from

the stepdown transformer: + 12 watts (which is about 1% of total power input).

4.3. Results and Discussion

In the present investigation, the pyrolysis studies of three hydrocarbons, namely n-
heptane, methylcyclohexane (MCH), and toluene, were conducted under supercritical conditions
between a temperature range of 500 °C to 700 °C. In each run, the reactor pressure was
maintained at 55 + 1 bar to eliminate phase separation within the reactor line. In each run, the
feed flow rate was maintained at 24 + 0.1 g/min. A comprehensive analysis was performed to
examine the impact of temperature on cracking conversion, gas and liquid product compositions,

coke deposition rate, and heat sink capacity.

4.3.1. Physico-chemical properties of n-heptane, MCH, and toluene

The physico-chemical characteristics of n-heptane, methylcyclohexane (MCH), and
toluene hydrocarbons are given in Table 4.1. The methods used to find and estimate the various
properties are reported in section 3.4 of Chapter-3. Among the three hydrocarbons, the specific
gravity of the straight-chain alkane (i.e., n-heptane) is minimal, and the aromatic compound (i.e.,

toluene) is maximum. The order of calorific value is n-heptane > MCH > toluene.
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Table 4.1: Properties of n-heptane, MCH, and toluene

Properties n-heptane MCH toluene Method/Instrument
Chemical formula C7H1s6 C7Hus C7Hs -
Type of hydrocarbon alkane cycloalkane  aromatic -
Specific gravity at 30 °C 0.674 0.761 0.864 Hydrometer
Normal boiling point (°C) 98.4 101 110.6 NIST database
Aniline point (°C) 68x1 39x1 8+1 Aniline point apparatus
Critical temperature (°C) 267 £1 299+ 1 318+ 1 NIST database
Critical pressure (bar) 27.3+1 34.7+1 41+1 NIST database

Calorific value (MJ/kg) 46.9+05 455+03 41.8x0.2 Bomb calorimeter

4.3.2. Effect of Temperature on Cracking Percentage of n-heptane, MCH, and toluene
Temperature plays a significant impact on a thermal cracking process. Thermal cracking
of hydrocarbons generally occurs at temperatures above 400 °C, and the cracking temperature
depends on hydrocarbon carbon chain length and structural orientation. To examine the effect of
temperature on fuel conversion of n-heptane, MCH, and toluene, the pyrolysis experiments were
conducted at five temperatures, ranging between 500 °C and 700 °C under 55 bar pressure. The
cracking percentage of hydrocarbons was determined using the following expression (Eqg. 4.1).
The mass flow rate of the liquid products above the initial boiling point (IBP) of the feed was
estimated using the ASTM D86 distillation. The distillation characteristics of the feed and
products obtained at different temperatures are shown in Fig. 4.1. The plots depict that the extent
of cracking increased with the increase in reactor temperature. For toluene, the variation in
distillation plots with temperature is insignificant. The temperature corresponds to 0.5 vol.%
(i.e., Tos%) and 95 vol.% (i.e., Tosy) Of distillates are presented in Table 4.2, along with the
average boiling temperature (Tavg.) Of the feed and liquid products. Due to inconsistency in IBP
readings, the temperature corresponding to 0.5 vol.% (i.e., To.s%) was considered as a reference
temperature. For n-heptane and MCH, the decreasing trend in the To.se% and Tavg Values with the
reactor temperature indicates the presence of low-boiling components in the liquid products.
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Cracking percentage (wt.%)=

1 . mass flow rate of liquid (> feed boiling point) product %100 Eqg. (4.1)
mass flow rate of feed
Table 4.2: Tosw, Tes%, and Tavw. Values of feed and products
n-heptane MCH Toluene

Feed/product Tosw Toswe  Tavg. | Tosw Toswe Tavg. | Tosw  Tosw  Tavg.
(°C) (G (¢ | (C) () ()| () (C) ()
Feed 958 96.1 96.0 | 98.2 988 985 | 1078 108.7 108.4

Product @ 500°C | 92.7 96.2 956 | 981 989 984 | 107.8 108.7 1084
Product @ 550°C | 90.4 96.2 953 | 972 990 983 | 107.7 108.8 1084
Product @ 600°C | 87.8 963 944 | 961 991 982 | 106.6 1089 1084
Product @ 650°C | 79.8 96.7 936 | 947 99.7 979 | 107.0 108.6 108.1

Product @ 700°C | 71.8 979 922 | 89.8 999 97.0 | 106.2 108.7 108.3

where, Tavg. = (Tos% +Tso +T10% + T2006+ Taost Taowt Tsowt Teowt Trom+ Teooet Toos + Toses)/12

The variation in cracking percentage of n-heptane, MCH, and toluene at different
temperatures is shown in Fig. 4.2. The result shows a positive correlation between reactor
temperature and cracking percentage. For a fixed temperature, the cracking percentage is in the
order of n-heptane > MCH > toluene. At 600, 650, and 700 °C, the cracking percentage of n-
heptane is approximately 17, 23, and 31 wt.%, respectively. The cracking percentage of MCH is
approximately 8, 14, and 20 wt.% at 600, 650, and 700 °C, respectively. The estimated value of
the cracking percentage of toluene at 700 °C is nearly 2.5 wt.%. Based on the experimental
results, it can be said that the toluene is thermally stable up to 650 °C. The analysis further
revealed that among the three hydrocarbons, toluene (an aromatic compound) exhibits higher
thermal stability in comparison to MCH (cycloalkane) and n-heptane (alkane). The stability of
aromatic compounds mainly arises due to dense structures and strong Van der Waals

interactions.
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4.3.3. Effect of temperature on coke deposition of n-heptane, MCH, and toluene

Coking is an unavoidable phenomenon during pyrolysis of hydrocarbons. In the context
of present research, coke deposition within a fuel flow line has the potential to cause engine
failure by blocking the fuel flow. Unsaturated and cyclic hydrocarbons have a greater tendency
to form agglomeration at elevated temperatures. The agglomerated material can act as a
precursor for coke formation. Coke deposition can be influenced by various factors, such as
cracking temperature, reactor pressure, residence time, hydrocarbon structure, and feed
composition. The cracking experiments were conducted at different temperatures to examine the
impact of temperature on the coke deposition rate. For a continuously-flow reactor, the total
quantity of coke is the sum of ‘carry-away’ coke and ‘reactor-containing’ coke. Different
techniques were adopted to measure the two types of coke.

A gravimetric technique was used for quantifying the carry-away coke. To collect the
carry-away coke, the downstream section was disconnected from the reactor section after each
experiment and washed thoroughly with acetone. The sedimentation of solid mass was filtered
using the Whatman-42 filter paper. The filtered coke was dried at a temperature of 100 + 3 °C.
Following the drying process, the mass was cooled inside a desiccator and measured its weight.
A spectroscopic technique was used to determine the reactor-containing coke. In this method,
the coke was converted into carbon dioxide (CO>) in the presence of oxygen at temperatures
greater than 650 °C. The concentration of CO; in the flue gas was monitored using a non-
dispersive infrared CO- analyzer. The flow rate of the exit gas was measured using a flow meter.
Eq. 3.3 was used to estimate the reactor-containing coke. The total amount of coke was calculated
by adding the carry-away coke to the reactor-containing coke. The coke deposition rate was
estimated using Eq. 3.4. The contribution of reactor-containing coke with respect to the overall
coke varied between 30% to 60%. At lower temperatures, the contribution of the reactor-

containing coke is relatively less.

Fig. 4.3 shows the variation in the coke deposition rate of the three hydrocarbons at
different temperatures. The plot illustrates a direct relationship between the reactor temperature
and the rate of coke deposition. For a fixed temperature, the coke deposition rate is in the order
of n-heptane > MCH > toluene. The analysis also revealed that the rate of coke deposition

exhibits an exponential relationship with reactor temperature for n-heptane and MCH. However,
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in the case of toluene, the rate of increment is almost linear. Above 550 °C, the exponential
increase in the coke deposition rate could be due to secondary cracking and dehydrogenation
reactions at higher temperatures. The coke deposition rate of n-heptane, MCH, and toluene at
700 °C is about 19.1 mg/min, 12.9 mg/min, and 4.5 mg/min, respectively. The study shows that
the coke deposition rate for n-heptane, MCH, and toluene increased by 1.6, 1.7, and 1.8 times,
respectively, as the reactor temperature increased from 650 °C to 700 °C. Further, the analysis
showed that, at a fixed cracking percentage, the order of the coke deposition rate is toluene >
MCH > n-heptane. Although the cracking conversion of toluene at 700 °C is low (< 3%), the
rate of coke deposition is considerably higher (~ 4.5 mg/min). This indicates a higher
susceptibility to polymerization reactions for aromatics compared to paraffins at higher
temperatures. Li et al. (2021) also noted a similar order of magnitude of coke deposition for the
supercritical cracking of EHF-851 fuel.
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Fig. 4.3: Effect of temperature on coke deposition of n-heptane, MCH, and toluene.

4.3.4. Effect of temperature on gas composition

To ascertain the composition of the gaseous products, the product gas was collected and
analyzed using a multi-channel gas chromatography system. The product gas was collected into
gas bladders for GC analysis. Before the analysis of the cracked gas product, the GC was
calibrated using a calibration gas mixture comprised of hydrogen (H), nitrogen (N2), carbon
dioxide (COz2), and Cy to Cs hydrocarbons. Fig. 4.4 shows the composition of the product gases
obtained at three different temperatures during the cracking of n-heptane and MCH. The gas
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formation rate was significantly low for the 500 °C and 550 °C and was inadequate for the GC
analysis. Also, the gas analysis for the toluene samples was not performed due to an inadequate
amount of gas collection. The major components found in the gaseous products are hydrogen
(H2), methane (CHya), ethane (C2Hs), ethylene (C2Has), propane (CzHs), propylene (CzHs), butane
(C4H10), and butene (CsHs). The result shows that the yield of Hy, ethane (C>), propane (Cs),
ethylene (C.7), propylene (Cs7), and butene (C47) increased with the increase in reactor
temperature for the n-heptane fuel. A drop in the yield of observed as the temperature decreased.
The increase in Hz concentration and decrease in Cz concentration with increasing temperature
is possibly due to the enhanced rate of dehydrogenation reaction under the current experimental
conditions. In the case of MCH cracking, the yield of Hz, C1, Cs, and Cs increased as the
temperature of the reactor increased. Fig. 4.4a shows that the yield of H> for MCH is notably
higher (~ 4%) compared to n-heptane at a fixed temperature. A higher value of H yield indicates
that the dehydrogenation reaction is favorable for MCH cracking. The dehydrogenation of MCH
can lead to the formation of toluene. The yield of methane, as shown in Fig. 4.4b, is higher for
MCH compared to n-heptane. Above 600 °C, the pyrolysis of MCH can occur through
demethylation and ring-opening reactions. The cracking of MCH can lead to the formation of
the methyl cyclohexyl radical. The radical subsequently undergoes a dehydrogenation reaction,
resulting in the formation of a toluene. Li et al. (2022) reported a similar phenomenon. Fig. 4.4i
illustrates the variation in the molar ratio of olefin- (C>™ + C37) to-alkane (Cz + Cs) as a function
of temperature. The plot demonstrates that the olefin-to-alkane ratio is almost constant for n-
heptane, while a slight increase is noted for the MCH. The observed upward trend could
potentially be attributed to the growing rate of the dehydrogenation reaction. Fig. 4.4j shows an

increasing trend in the Ho-to-CHya ratio with temperatures for both the hydrocarbons.
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4.3.5. Effect of temperature on liquid product composition

The liquid products were analyzed for hydrocarbon composition using gas
chromatography equipped with a PONA column and FID detector. To identify the probable
compounds in the liquid products, the GC was calibrated with pure compounds with a carbon
number range between Cs and Ci2 hydrocarbons. The retention time data of the selected pure
components is shown in Fig. 4.5. It is noted that the retention time value of the compounds
increased with the increase of molecular weight and boiling point of the compounds.
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Fig. 4.5: Retention time of selected hydrocarbons.

Following the determination of the retention time of the pure hydrocarbons, the cracked
liquid samples were analyzed under similar conditions. The chromatograms of the n-heptane,
MCH, and toluene-derived product samples obtained under the conditions of 650 and 700 °C
reactor temperatures are shown in Fig. 4.6(a-c). The minor peaks with individual contributions
of less than 0.1% are not shown in the figures, and the area percentage mentioned in the figures
is truncated to the nearest decimal point. The result shows that the concentration of lighter
hydrocarbons (i.e., Cs, Cs) in the liquid products increased with reactor temperature. A few
higher boiling components with longer retention times are also noted in the analysis results. The
presence of cyclohexane and toluene compounds in the product samples obtained from the
cracking of n-heptane (Fig. 4.6a) suggests the possibility of dehydrocyclization reaction during
the cracking process at temperatures of 650 and 700 °C. The peaks of high boiling components
in the product samples indicate the possibility of polymerization reactions. The ASTM D86
result also supports the possibility of polymerization and/or dehydrocyclization reactions. In the
case of MCH (Fig. 4.6b), the GC analysis shows the concentration of dehydrogenated product
(i.e., toluene) is significantly higher at 700 °C. This may be because of the formation of more
stable aromatic compounds. The higher concentrations (> 99.5%) of toluene in the toluene-
derived liquid products (Fig. 4.6¢) indicate the thermal stability characteristic of toluene. Even

at 700 °C, the cracking percentage of toluene is less than 2%, as found from the GC analysis.
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4.3.6. Probable mechanism of n-heptane and MCH cracking

During the thermal cracking process, various reactions are likely to occur. The free
radical chain reaction pathway is one of the most common mechanisms for the thermal cracking
of hydrocarbons, as reported by many authors (Jian et al. (1997), Zhang et al. (2018)). The
reactions include the formation of alkyl radicals from the cleavage of C-C and C-H bonds, H-
abstraction, chain propagation, radical termination, disproportionation, and lighter olefins
recombination reactions. The following expressions illustrate the potential steps involved in the
cracking of n-heptane (Eq. 4.2 - 4.7) and MCH (Eq. 4.8 - 4.10).

CH,”+C,H,’
C -C bond breaking : C,H ﬂ) C,H,+C.H,’ Eq. (4.2)
C3H7. +C4H9.

C7H16 ﬁ)quS. +H’

C - H bond breaking : {C.H,, ., heat CH, +H’ Eq. (4.3)
where,n=2,3,4,...

H - abstraction : {C6HI3C’C5H11.’C4H9. ’} heat {CGHM’ C5H121C4H1o,

Eq. (4.4
C,H,",C,H," CH." C,H,,C,H,,CH, }‘“ )

H*—— H,

_ o 2R*"—— R - R,
Radical termination :

R'+R’——R -R, Eq. (4.5)

2RCH,CH," — RCH,CH, +RCH =CH,

where, R, R;,R; are alkyl radicals
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_ alkaneﬂ alkene+H,
Dehydrogenation : Eq. (4.6)

cycloalkaneﬂ cycloalkene+H,

Polymerization : light olefin ﬂa heavy olefin Eq. (4.7)

Ly
Eq. (4.8)
. N .
(5 _,(5 Hé @ L - Eq. (4.9)
S N
. - Eq. (4.10)

4.3.7. Effect of temperature on heat sink capacities of n-heptane, MCH, and toluene
During the cracking process, the heat sink capacity of a fuel is a combination of the
sensible heat sink and the chemical heat sink. In the present work, the total heat sink capacity
was estimated by subtracting the energy loss from the energy input to the reactor. The following
expressions (Eq. 4.11 and 4.12) were used to estimate the total heat sink capacity of the fuels.
The energy loss quantity can be influenced by various factors, such as the type of reactor system,
operating temperature and pressure, fuel flow rate, and ambient conditions. Hence, it is essential

to determine the energy loss quantity for a particular system and operating conditions.

Total heat sink (kJ/kg)= power input (kJ/s) - power loss (kJ/s) Eq. (4.11)
mass flow rate of feed (kg/s) o
Power input (W)= voltage (V)x current (I) Eqg. (4.12)
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In this study, thermally stable toluene was used to investigate the energy loss percentage
at various temperatures. The following energy conservation equation (Eq. 4.13) was used in
calculating the energy loss quantity. The NIST SUPERTRAPP library was used to determine the
enthalpy value at the inlet and outlet conditions. The analysis revealed that the contribution of
the kinetic energy term (i.e., V?/2) to the total energy loss is almost insignificant (< 0.1%). The
analysis details of energy loss percentage for various temperatures is presented in Table 4.3. The
data shows that for every 50 °C increase in reactor temperature, the energy input increased by
about 10% to 12%. The energy loss quantity increased two-fold as the temperature increased
from 500 °C to 700 °C. The energy loss percentage at 550, 600, 650, and 700 °C is 8.1, 9.1, 9.9,
and 11.1%, respectively, of the total energy input. The loss percentage at 700 °C may be slightly
lower than 11.1% due to minor cracking of toluene, as mentioned in section 4.3.2. The heat loss
percentage obtained from the toluene experiments was used to estimate the total heat sink

capacities of the n-heptane and MCH fuel for the studied range of operating conditions.

V2 V.2
Energy loss (qloss ): qinput,exp - (hexit + Z(It - hinlet - %IHJ Eq. (4.13)

where, h = specific enthalpy, q = specific energy, and V = velocity of the fluid.

Table 4.3: Heat loss values at different temperatures under 55 bar pressure

Feed rate Tinlet Texit Rintet hexit (Nexit - Nin) ~ Clinput Qloss
(g/min) °C)  (°C)  (Kikg) (kikg)  (kIkg)  (kIkg)  (kJkg)
24 30 450 138.1 1258.1 1120.7 1205.3 84.4
24 30 500 138.1 1392.1 1254.0 1360.1 106.1
24 30 550 138.1 1526.2 1388.1 1509.8 122.3
24 30 600 138.1 1662.5 1524 .4 1674.5 150.7
24 30 650 138.1 1801.3 1663.2 1846.6 182.8
24 30 700 138.1 1942.7 1804.6 2031.3 2255

The experimentally obtained heat input values for n-heptane, MCH, and toluene at
different temperatures are shown in Fig. 4.7a. In each case, the experiment was conducted under

55 bar reactor pressure and with a mass flow rate of 24 + 0.1 g/min. The heat input values
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increased monotonically with the increase in reactor temperatures. Fig. 4.7b shows the variation
in heat sink capacity of the three hydrocarbon fuels at different temperatures. For a fixed
temperature, the heat sink capacity of n-heptane is considerably greater than that of toluene, and
the difference in heat sinks becomes more noticeable as the temperature increases. The heat sink
capacity of n-heptane, MCH, and toluene at 700 °C is 2118 kJ/kg, 1902 kJ/kg, and 1806 kJ/kg,
respectively. Liu et al. (2015) reported a heat sink value of approximately 1850 kJ/kg for toluene
at 700 °C and 50 bar. In the case of toluene, the slope of the heat sink curve is almost constant.
The constant slope signifies a limited possibility of toluene cracking within the temperature
range. On the contrary, beyond 600 °C, the slope of the heat sink curve of n-heptane increased

gradually with temperature, which signifies the greater extent of cracking.
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Fig. 4.7: Effect of temperature on a) heat input, and b) total heat sink values of n-heptane,
MCH, and toluene.

The estimated value of the total heat sink capacity is the sum of the sensible heat sink
and the cracking (or chemical) heat sink capacity of the fuel. The chemical heat sink capacity of
the fuels was obtained by subtracting the sensible or physical heat sink from the total heat sink
capacity according to Eq. 4.14. The sensible heat sink value was calculated based on the fuel
temperature at the reactor inlet and exit conditions. The NIST database was used to compute the

specific enthalpy under different operating conditions.

Chemical heat sink (kJ/kg)=Total heat sink (kJ/kg) - (Mo avg. = Ny )~ EQ- (4.14)
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where, hexit,avg. = average value of the specific enthalpy of product at the reactor exit, and hinet =

specific enthalpy of feed at the reactor inlet conditions.

Table 4.4 presents the estimated values of the chemical heat sink capacities for n-heptane
and MCH at different temperatures. Additionally, the table includes the cracking percentage for
each hydrocarbon at the corresponding temperatures. As the chemical heat sink capacity of the
thermally stable toluene is insignificant up to a temperature of 700 °C, it is not included in the
table. The result shows a direct correlation between the chemical heat sink and the cracking
percentage of the fuels. For a fixed temperature, the chemical heat sink capacity of n-heptane is
more than the heat sink offered by MCH. The differences in heat sink capacities between n-
heptane and MCH increase with the increase in operating temperature. For 600, 650, and 700 °C,
the difference in heat sink capacities between n-heptane and MCH is 68, 101, and 175 kJ/kg,
respectively. The chemical heat sink capacity for MCH is approximately 15-20 kJ/kg greater
than that of n-heptane for a similar range of cracking conversion. The analysis revealed that the
cracking temperature for MCH is nearly 7-8% higher than n-heptane for similar levels of
chemical heat sink value due to the cyclic structure of MCH. The chemical heat sink capacity of
n-heptane at 550 °C (fuel temperature) and 38 bar is 1176 kJ/kg, as reported by Wickham et al.
(2001). The total heat sink capacity of MCH at 650 °C and 40 bar pressure is about 2240 kJ/kg
(Liu et al. 2016).

Table 4.4: Heat sinks and cracking percentage values of n-heptane and MCH

n-heptane MCH
Reactor Total heat  chemical Cracking | Total heat  Chemical Cracking
temp sink heat sink  percentage sink heat sink  percentage
(°C) (kJ/kg) (kJ/kg) (Wt.%) (kJ/kg) (kJ/kg) (Wt.%)
500 1379 615 6.4 1296 569 14
550 1527 673 11.5 1435 620 4.5
600 1672 739 16.6 1576 671 8.4
650 1857 822 22.8 1718 721 13.5
700 2118 087 30.9 1902 812 19.8

Note: heat sink values are truncated to the nearest whole number
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4.3.8. Analysis of kinetic parameters

The kinetics of n-heptane and MCH cracking under supercritical conditions were
investigated based on the experimental results. The analysis assumes that the fluid exists in a
single phase, and the tubular reactor functions as a plug-flow reactor. To determine the ‘order’
of the cracking reactions, the experimental data were fitted into a first-order (Eq. 4.15) and a

second-order (Eg. 4.16) kinetic model, as shown below.

k, = %[-In(l- X)] Eq. (4.15)

_ 1 i
k, —a[x/(l X)] Eq. (4.16)

(o]
where, ki = first-order kinetic rate constant, k» = second-order kinetic rate constant, x = fractional

conversion of feed, Co = initial concentration of feed, and t = residence time.

The following expression (Eq. 4.17) was used to estimate the residence time (t) of the
feed at different temperatures. The volume of the reactor considered in the calculation is
2.36x10°® m®. The compressibility data were obtained from the NIST SUPERTRAPP database.
The compressibility and residence time data for n-heptane and MCH at different temperatures
are tabulated in Table 4.5.

. . Volume of reactor Vi
Residence time (t)= - = Eq. (4.17)
Average volumetric flowrate T P Zag
Vo avg. = 0
To F:‘avg. Zo

where, Vr = volume of the reactor, vo = volumetric flow rate of feed at reactor inlet, Tavg. =
average temperature of reactor, To = inlet temperature, Po = inlet pressure, Payg. = average
pressure of reactor, Z, = compressibility factor at reactor inlet, and Zag. = average

compressibility factor.
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Table 4.5: Residence time values at different temperatures under 55 bar pressure

Hydrocarbons

Reactor temperature (°C)

30 500 550 600 650 700

n-heptane

compressibility 0.321 0.850 0.893 0.926 0.950 0.969

residence time (s) 4.01 1.24 1.14  1.06 1.00 0.95

MCH

compressibility 0.279 0.821 0.866 0.900 0.925 0.945

residence time (s) 4.47 1.28 117 109 1.02 0.97

Between the two models, the experimental data shows a better fit (with a higher value of
R?) for the first-order kinetics model, as shown in Fig. 4.8. Chakraborty et al. (2012) and Zhang
et al. (2018) also noted the suitability of first-order kinetics for the cracking of n-heptane and n-

dodecane under supercritical conditions. Though the R? value for the second-order model is

relatively less than that of the first-order model, it is still greater than 0.9. This suggests the

possibilities of

second-order bimolecular reactions in addition to the first-order unimolecular

reaction during the cracking process. However, based on the present analysis and literature

information, th

e first-order kinetic model was considered in estimating the rate constant and

apparent activation energy in the work.

0.8

— m forfirst-order | n-heptane (@) 0.4

«» @ for second-order =~ m R’=forfirstorder | MCH  (b)
TED 0.6 q}----- R?=0.97 2 03 ® R?=for second-order

T | R®=0.95 . g R?=095
“ ’ = Al R?=0.92 °

x | P = e

] ,«'f;"’r/g ; | x:li:;'

% 027 =1 —~ 0.1 T

= A =] |

o~ !7:f’/ \:‘ //,».

< 00+—T—7T T 7 71— < 00+—FFF—

450 500 550 600 650 700 750 450 500 550 600 650 700 750
Reactor temperature (°C) Reactor temperature (°C)

Fig. 4.8: Variation in ky or k> with reactor temperature.
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During the cracking of hydrocarbons, long-chain molecules decompose into shorter-
chain compounds. The volumetric flow rate of the fluid will vary as a result of the formation of
smaller hydrocarbons. Therefore, to accommodate the volume expansion, the volume expansion
parameter (¢) was included in the first-order Kinetic expression, as shown in Eq. 4.18, in
estimating the kinetic parameters. However, due to experimental limitations in the measurement,
some typical values of € were considered to estimate ki and apparent activation energy, and the
results are presented in Fig. 4.9. The plot shows an exponential growth in rate constant with both
the temperature and € values. For n-heptane, the value of ki increased by nearly 1.6 to 2 times
for every 50 °C increase in reaction temperature from 500 °C to 700 °C. For MCH, the
corresponding increase is approximately 1.6 to 3.4 folds. The first-order rate constant value for

n-heptane is almost 1.7 times higher than the MCH value at 700 °C.

1
1:?[4”(1'X)+8{-ln(1-x)-x}] Eq. (4.18)
0.8 0.4
|| n-heptane (a) 1|-MCH (b)
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Fig. 4.9: Variation in k1 with temperatures for different values of volume expansion parameter
for a) n-heptane, and b) MCH.

The Arrhenius plot, as shown in Fig. 4.10, was used to estimate the apparent activation
energy of the cracking reactions. The apparent activation energy for n-heptane and MCH is
calculated to be 61.1 kJ/mol and 92.8 kJ/mol, respectively, for € = 0. A gradual increase in
activation energy is observed as the value of € increases. At an € value of 4, the activation energy

for n-heptane and MCH is 73 kJ/mol and 103 kJ/mol, respectively.
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Fig. 4.10: Arrhenius plots for a) n-heptane, and b) MCH.

4.4. Conclusion
This study investigates the influence of chemical structure on the thermal cracking

behavior of hydrocarbons under a supercritical environment. Three types of C; hydrocarbons,
namely n-heptane, methylcyclohexane (MCH), and toluene, were considered for cracking
experiments within a temperature range of 500 °C to 700 °C under 55 bar pressure. The increase
in reactor temperature resulted in an increase in the cracking percentage, coke deposition rate,
and heat sink capacity of the hydrocarbons. It is observed that the cracking percentage, coke
deposition rate, and heat sink capacity of the hydrocarbons increased with the increase in reactor
temperature. The investigation revealed that the chemical heat sink capacity of n-heptane, a
straight-chain alkane, is more than the MCH, a cyclic alkane. However, for a fixed value of
cracking percentage, the coke deposition rate of MCH is more than the n-heptane. Further, the
experimental result showed a better fit with the first-order kinetics, and the estimated activation
energy of the straight-chain n-heptane is significantly low compared to the cyclic MCH
compound under similar operating conditions.
The outcome of Chapter 4 bridges the following four major objectives mentioned in Chapter 1.

¢ Establishment of new methodologies in estimating the fuel conversion and coke deposition rate.

e Understanding of hydrocarbon cracking behavior above 650 °C and 50 bar pressure.

¢ Influence of hydrocarbon structure on supercritical cracking characteristics.

o Establishment of a new methodology for the estimation of heat loss percentage.
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Thermal Cracking and Heat Sink Characteristics
of Multi-component Fuels Under Supercritical

Conditions



Thermal Cracking and Heat Sink Characteristics of Multi-

component Fuels Under Supercritical Conditions

5.1. Introduction

For supersonic engines above Mach-5 speed, aerodynamic heating can induce severe
thermal stresses to the engine (Li et al. (2021)). Regenerative cooling using onboard hydrocarbon
fuel could be an effective cooling method to safeguard the engine structure (Liang et al. (2017),
Liu et al. (2020), Zhong et al. (2009), Sobel et al. (1997)). Cracking of hydrocarbon fuel can
offer sufficient heat sink to overcome the thermal load (Wen et al. (2011)), and the cracked
products can improve the ignition delay and combustion characteristics (Puri et al. (2005), Bao
et al. (2012)). The cracking of single-component alkanes such as n-heptane, n-octane, n-decane,
and n-dodecane has been studied under supercritical conditions to find the heat sink capacity and
coke propensity of the hydrocarbons (Zhang et al. (2020), Sun et al. (2017)). The cracking of n-
octane and n-decane can offer a total heat sink capacity of about 2780 kJ/kg and 2700 kJ/kg of
fuel, respectively, at 650 °C and 40 bar pressure (Huang et al. (2004)). A higher value of the
olefin-to-alkane ratio in the cracked products can offer more endothermicity. Literature on multi-
component fuel cracking under supercritical conditions is less in numbers. The chemical heat
sink capacity of JP-7 and RP-3 fuels is in the range of 450 to 800 kJ/kg for a temperature range
of 600 to 650 °C (Jin et al. (2017), Jiao et al. (2019)). In some studies, amine-based initiators
were examined to enhance the heat sink capacity of hydrocarbon fuels. The addition of
triethylamine (TEA) and tributylamine (TBA) improved the n-heptane conversion (Wang et al.
(2008)). The addition of 4% nitropropane enhanced the endothermicity of n-decane by around 3
times at 614 °C (Xing et al. (2008)). The presence of 0.2 wt.% cetyl-hyperbranched
polyethyleneimine, a micro-initiator, increased the JP-10 conversion from 16% to 34% at 675
°C (Ye et al. (2019)). Macro-initiators are also helpful in improving the heat sink capacity of
hydrocarbon fuels (He et al. (2015), He et al. (2017), Mi et al. (2020)).
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Though several articles are available on the thermal cracking of fuels under supercritical
conditions, comprehensive information on fuel conversion, product composition, heat sink
capacity, endothermicity, and the coke deposition rate is not found explicitly in a single
document in most of the articles. The majority of the articles on endothermic fuels dealt with
single-component or two-component fuels, and also, the operating pressure is less than 45 bar.
Studies on endothermic cracking above 50 bar pressure are scanty in numbers. The limited and
scattered information on fuel conversion, endothermicity, coke deposition rate, and product
characterization intrigued us to develop an appropriate experimental setup and investigate the
heat sink capacity of multi-component hydrocarbon fuel. The thermal cracking characteristics of
a multi-component hydrocarbon fuel (hamely HCF-1) at supercritical conditions are examined
in the present work. The effects of operating parameters temperature, pressure, and space-time
on fuel cracking percentage, coke deposition, heat sink capacities, and cracked-gas distribution
are examined thoroughly. The second aspect of this research is the investigation of the surface

morphology of coke deposits and the cracking kinetics of the HCF-1 fuel.

5.2. Materials and Experimental Details
5.2.1. Materials

In the present study, the hydrocarbon fuel (designated as HCF-1) was procured from
Ogene Systems India Pvt. Ltd., India. The physicochemical properties of the fuel are mentioned
in section 3 of this chapter. Other chemicals that are used for analysis purposes and calibration

of gas chromatography (GC) are mentioned in Chapter-3 of the thesis.

5.2.2. Experimental setup and procedure

The schematic of the experimental setup used for the present work is given in Chapter-3
of this thesis. The feed section includes a 5-liter fuel tank, fuel purging line, and high-pressure
feed pump. The reactor module consists of a 2 mm internal diameter and 750 mm long SS-316
tubular reactor fitted with temperature indicators, a step-down transformer, and a direct power
supply system. The product cooling segment consists of a shell-and-tube heat exchanger,

pressure gauge, thermocouple and temperature indicator, chiller unit, micron filter, and back-
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pressure regulator. A detailed description of the experimental procedure is mentioned in Chapter-

3 of this thesis.

5.2.3. Characterization of feed and product properties

Various techniques were adopted to characterize the hydrocarbon fuel. ASTM D86
distillation was conducted to find the boiling range characteristics of the fuel. The initial boiling
point (IBP) and final boiling point (FBP) of the HCF-1 fuel are 131°C and 238 °C, respectively.
The distillation characteristic curve of the HCF-1 fuel between the 5% and 95% distillate volume
is shown in Fig. 5.1. The following expressions (Eg. 5.1 and Eq. 5.2) were used to estimate the
critical temperature (T¢) and pressure (Pc) of the HCF-1 fuel (Yu et al. (1995)). The measured
and estimated properties of the fuel are given in Table 5.1. The GC-MS chromatogram of the
fuel is presented in Fig. 5.2. The analysis showed that the HCF-1 consists of primarily Cg, Cio,

Ci11, C12, and Cy3 hydrocarbons with a small quantity of Cgand C14 hydrocarbons.

T,(°F)=186.16 +1.6667 x SG (T +100)-0.7127x10*x {SG x(T +100)}" Eq. (5.1)

P.( psia)=3.4824x10° x(T +460 ) > x SG >4 Eq. (5.2)

where, T = average boiling temperature in °F, and SG = specific gravity of the fuel.

240

220 - .
200 - o

1804 u ™

Distillate temperature (°C)

160

0 20 40 60 80 100
Distillate (vol.%)

Fig. 5.1: ASTM D86 distillation characteristic curve of HCF-1 fuel.
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Table 5.1: Physico-chemical properties of HCF-1 fuel

Properties Value Hydrocarbon composition ~ Vol.%
Specific gravity @ 28 °C 0.79+£0.01 <Cr 1.2
Average boiling point (°C) 187 £ 0.5 Cs 2.5
Flashpoint (°C) 58 +2 Co 6.26
Aniline point (°C) 681 Cwo 25.7
Moisture content (wt.%) 0.1£0.05 Cu 31
Critical temperature (°C) 381.6 Ci2 16.47
Critical pressure (bar) 23.2 Cus 7.2
Calorific value (MJ/kg) 45.7+0.1 >Cus 3.5
Abundance
7% 10.057
HCF-1 feed
8000000
18.409 21.760
6000000
40000004
20000004
oH ‘ e
Time--> 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800

Fig. 5.2. GC-MS chromatogram of HCF-1 feed.

5.3. Results and Discussion

In the present study, a multicomponent HCF-1 fuel was used to investigate its cracking
characteristics and endothermic heat sink capacity. The thermal cracking experiments were
performed for a temperature range of 550 °C to 680 °C. The feed flow rate was varied between
15 mL/min to 50 mL/min. The effects of temperature, pressure, and space-time on fuel cracking

percentage, coke deposition rate, cracked-gas distribution patterns, and heat sink capacity have
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been studied in-depth. Almost 75% of the cracking experiments were repeated to find differences
in experimental results obtained under identical conditions. The overall deviation between two

identical runs lies in the range of 2- 6 %.

5.3.1. Influence of temperature on cracking characteristics of HCF-1
5.3.1.1. Effect of temperature on fuel cracking and coke deposition

To investigate the effect of temperature on the cracking characteristics of the HCF-1 fuel,
the thermal cracking experiments were performed at four different temperatures under 55 bar
pressure with a fuel flow rate of 50 £ 0.2 mL/min. The following expression (Eg. 5.3) was used
to estimate the fuel cracking percentage in the work. The ASTM D86 distillation data, as shown
in Table 5.2, was used in calculating the cracking conversion. The data shows that the initial
boiling point (IBP) and average boiling point (Tavg.) temperature of the liquid products decreased
gradually with the increase in reactor temperature. The decrease of IBP and Tayg value of the
liquid products with temperature indicates the presence of low-boiling components in the liquid
products. The calculated value of fuel cracking percentage at different temperatures is shown in
Fig. 5.3a. The figure shows that the fuel cracking percentage increased with reactor temperature.
The calculated value of cracking percentage at 550, 600, 650, and 680 °C is 1.2, 3.3, 7.6, and
10.3 %, respectively. The cracking percentage of HCF-1 increased by about 3-fold as the
temperature increased from 600 °C to 680 °C. Due to the experimental limitation and the
excessive coke deposition in the flow line, it was challenging to perform the experiments beyond
680 °C.

Cracking percentage (Wt.%)=
Eq. (5.3)

(1 _ mass flow rate of liquid (> feed boiling point) product

%100
mass flow rate of feed
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Fig. 5.3: Effect of temperature on a) cracking percentage, and b) coke deposition rate.

Table 5.2: ASTM D86 distillation results of HCF-1 feed and liquid products

HCF-1 product at product at productat  product at

feed 550 °C 600 °C 650 °C 680 °C
Distillate (vol.%)  Temp. (°C)  Temp. (°C) Temp.(°C) Temp. (°C) Temp. (°C)
IBP 130.7 121.8 104.0 78.94 40.3
5 167.8 166.1 157.0 143.1 112.2
10 174.4 174.1 171.4 167.1 154.9
20 178.8 177.5 176.6 175.8 173.1
30 183.1 183.1 181.0 180.7 179.0
40 186.6 186.1 184.5 183.1 183.1
50 190.7 190.2 189.0 188.8 187.4
60 194.8 194.4 193.3 193.5 192.0
70 200.0 199.7 198.9 199.1 197.8
80 206.1 205.9 205.0 205.3 205.8
90 213.9 212.9 213.4 2134 214.6
95 219.9 219.7 219.1 220.4 222.6
Tavg. (°C) 187.2 186.0 182.8 179.1 171.9
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The phenomenon of coking is one of the primary concerns during the thermal cracking
of hydrocarbon fuels for its effective utilization in scramjet engines. Unsaturated and cyclic
hydrocarbon compounds are prone to agglomerate and act as a precursor for coke formation. The
amount of coke formation during a cracking process depends on several factors, such as
operating temperature, pressure, and hydrocarbon composition. To know the effect of
temperature on coke deposition rate, the amount of deposited coke was estimated for each of the
studied temperatures, and the results are shown in Fig. 5.3b. The plot shows that the coke
deposition rate increased with the increase in reactor temperature. The plot also shows that the
increasing trend of coke deposition rate with temperature is quite similar to the cracking
percentage trend up to 650 °C. Beyond 650 °C, the incremental percentage of coke deposition
rate is more than the cracking percentage, which may be due to an enhanced rate of secondary
cracking (i.e., cracking of smaller hydrocarbons that are formed as a result of primary cracking
of heavier hydrocarbons) and dehydrogenation reactions at high temperatures. The coke
deposition rate increased by more than 2-fold as the temperature increased from 600 °C to 680
°C. Apart from the cracking coke, the two major types of coke formation, namely oxidative coke
and amorphous coke, can occur during the thermal cracking of hydrocarbon fuels.

In a thermal cracking process, when metallic species such as Fe, Mn, etc., come in contact
with dissolved oxygen or oxygen-bearing components present in the fuel, an undesirable
oxidative process can lead to oxidative coke deposition. The oxygen combines with hydrocarbon
in the heated section to produce alkyl peroxides at a temperature range of 300 to 400 °C. During
the thermal cracking of hydrocarbon (RH), radicals (R") are formed due to the cleavage of the C-
H bond (Eq. 5.4). These radicals can react with oxygen present in the fuel under the influence of
metallic species to form a (RO?") radical (Eg. 5.5). The (RO2") radical abstracts hydrogen from
the hydrocarbon (R:H) and form new radical (R1") and hydroperoxide (RO2H) (Eq. 5.6). The
formed hydroperoxides are highly susceptible to decomposition to form peroxide (RO") radicals
(Eqg. 5.7). In the presence of fuel impurities like sulfur/ phenols/ thioenes, the hydrocarbons can
react with peroxide radicals to form gum materials (Eq. 5.8). Amorphous coke generally forms

as a result of polymerization and polycondensation reactions. Generally, dehydrogenation
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reactions are energy-intensive and occur above 480 °C, and the condensation process which can
lead to pyrolytic coke deposition starts above 400 °C. The probable schemes of amorphous coke
formation are shown below (Eqg. 5.9 to 5.11). The Diels-Alder reaction is also a potential route
for the formation of pyrolytic coke.

RH >R +H" Eq. (5.4)
R"+0, > RO," Eq. (5.5)
RO,"+RH —RO,H +R Eq. (5.6)
RO,H —» RO +OH* Eq. (5.7)
RO*®+RH — gum formation Eqg. (5.8)
Paraffins—*2— Cyclo - paraffins —"z— Aromatics Eq. (5.9)
Olefin+di - olefin — six / five member ring compounds Eq. (5.10)
Ring compounds — PAH — carbon deposits Eq. (5.11)

5.3.1.2. Effect of temperature on cracked-gas composition

To know the composition of the gaseous products, the cracked-gas samples were analyzed using
a multi-channel Micro GC. Before analyzing the cracked-gas samples, the GC was calibrated
using a known composition of calibration gas mixture consisting of 14 gases (H2, N2, CO2, and
C1 to C4 alkanes and alkenes). The distribution pattern of the major components for 600, 650,
and 680 °C is shown in Fig. 5.4(a-h). Due to the negligible amount of cracking at 550 °C, the
gas production was not sufficient to analyze its composition. The significant species obtained
from the analysis include hydrogen (H2), methane (C1), ethane (C>), ethylene (C>7), propane (Cs),
propylene (C37), butane (Cs), and butene (C47). The plot shows that the concentration of Ho,
methane, ethylene, propane, propylene, butane, and butene increased with cracking temperature.
However, the increment is marginal for species like propane and ethane. The decreasing trend of
the olefin-to-alkane ratio (Fig. 5.4i) with cracking temperature may be due to the polymerization

of lighter olefins. In the analysis, the olefin (C.™ + Cs™ )-to-alkane (C2 + Cz) ratio shows a
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marginal decrease from a value of 2.2 to 2.1 as the temperature increased from 600 to 680 °C.
The higher value of ethylene and propylene yield in the cracked-gas mixture is an important
aspect of the thermal cracking behavior of hydrocarbons under supercritical conditions. A similar
kind of phenomenon is reported by Liu et al. (2009) for the cracking of dodecane fuel. The typical
value of the Ho/ CHsmole ratio lies in the range of 0.8-0.9, and it decreased marginally with the

increase in temperature.
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Fig. 5.4: Effect of temperature on the gas composition and olefin-to-alkane ratio.

The free-radical mechanism is considered to be a dominating route for the thermal
cracking of hydrocarbons under supercritical conditions (Jiang et al. (2013)). Thermal cracking
of hydrocarbons initiates via C-H and C-C bond breakage to form alkyl radicals (Eq. 5.12-5.13)
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from the parent hydrocarbons. The radicals with a carbon number of more than five may undergo
an isomerization reaction. The alkyl radicals can undergo further decomposition to form lower
alkyl radicals and olefins (Eq. 5.14-5.18). In addition to the unimolecular radical decomposition,
bimolecular hydrogen abstraction (Eq. 5.19-5.21) reactions from the parent hydrocarbons can

also occur simultaneously during the propagation reactions.

CH,—>(C.H,;)+(CH,) (more preferable) (Eq. 5.12)
CH,—>CH,,+H" (less preferable) (Eq. 5.13)
(CoHua ) 2 CaHypy +(CyHinay ey )’ Eg. (5.14)
(CiHu1) = CoH o0 +(CopnyHim ez ) Eg. (5.15)
(C.H,.)—>C. H o T (Cn-(n-k) H n-1y-20-40) ) Eg. (5.16)
(Cn Hm—l ). - C2 H4 + (Cn—2 Hm—5 ). Eq (517)
(Cn H m-1 ). - Cp H2p + (Cn-p H m-1-2p ). Eq- (5-18)
(CH,)+CH_ —>CH,+(CH,.,) Eqg. (5.19)

(CroHmn o) T CiHn 2 (CooHmy oy ) T(CHM ) Eq. (5.20)

H +H* > H, Eq. (5.21)

Recombination and disproportionation reactions are the common pathways for the
termination of chain reactions. Two smaller radicals can combine to form a paraffinic
hydrocarbon. In the recombination mechanism (Eqg. 5.22). In the disproportionation reaction, one
olefin and one paraffin are formed from two radicals (Eq. 5.23). Apart from the above reactions,
reactions such as the dehydrogenation of paraffin/cyclo-paraffins (Eq. 5.9), the combination of
olefins and di-olefins (Eq. 5.10), polymerization, etc. are also possible under the present

experimental environments. The aromatic/ ring compounds can further polymerize to form
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polycyclic aromatic hydrocarbons (PAHSs) (Eq. 5.11). These PAHSs can act as precursors for

carbon deposition on the surface of the reactor tube at elevated temperatures.

(Cn H 2n+1 ). + (Cn H 2n+1 )' — C2n H 4n+2 EQ- (5-22)
(C.Hp ) +(CHy ) > C H, +CoH,, L, Eq. (5.23)

5.3.1.3. Effect of temperature on heat sink capacity of HCF-1 fuel

Initially, the fuel absorbs heat to increase its sensible temperature before it undergoes a
cracking reaction, and that energy intake is designated as the ‘physical or sensible heat sink’ of
the fuel. Once the cracking starts, the heat intake by the fuel is a combination of both the physical
and chemical heat sink capacity. In the present study, the chemical heat sink capacity of the fuel
was obtained by subtracting the physical heat sink from the total heat sink capacity. The total
heat sink value was estimated after subtracting the heat loss from the energy supplied to the
reactor. The following expressions (Eg. 5.24 - 5.26) were used to estimate the sensible and
endothermic sink capacities of the HCF-1 fuel.

Total heat sink (kJ / kg)= power input (kJ / s) - energy loss (kJ / s) Eq. (5.24)
mass flow rate of feed (kg /s)
Power input (W)= voltage (V)x current (1) Eq. (5.25)

Chemical heat sink (kJ / kg):(TotaI heat sink (kJ / kg) - (h,,;; - Ny )) Eq. (5.26)

where, hexit = specific enthalpy of product at the reactor exit, and hinet = specific enthalpy of feed

at the reactor inlet conditions.

In the work, the energy loss quantity from the reactor system at different temperatures
was estimated experimentally using a thermally-stable toluene hydrocarbon. The conservation

of energy equation (Eq 5.27) was used to find the energy loss, as shown in Table 5.3. NIST
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SUPERTRAPP database was used to obtain the enthalpy of toluene at the inlet and outlet
conditions. The data shows that the energy loss increased almost two-fold when the exit
temperature increased from 500 °C to 700 °C. In the majority of cracking experiments, the fuel
(HCF-1) flow rate was varied between 25 and 50 mL/min, so the energy loss quantity was

estimated for these two flow rates, and the results are shown in Fig. 5.5.

V2 \VAG
Energy loss (qloss ): qinput,exp - [hexit + eZXIt - hinlet - I;Iet j Eq. (5.27)

where, h = specific enthalpy, q = specific energy, and V = velocity of the fluid.

Though the energy loss per unit mass, being an intensive property, is supposed to be the
same, the actual result shows a minor (about 15 to 20 kJ/kg) difference in energy loss for the two
flow rates. This small difference may be partially due to experimental inaccuracy, variation in
surrounding environmental conditions, and partly due to scale-dependent effects such as heat
loss through the heating wires between the transformer and the reactor terminals. The figure also
shows an almost linear variation in power input with reactor temperatures for the two flow rates.
The heat loss values obtained from the toluene experiments are used to estimate the heat sink
capacity of the HCF-1 fuel using the same reactor setup and for a similar range of operating
conditions. However, for simplicity, the average value (e.g., at 650 °C, energy loss with 25 mL
and 50 mL feed flow is 182.6 and 200.6 kJ/kg, respectively, and hence the average value of 191.6
kJ/kg is used for 650 °C. Similarly, for 700 °C, the average value is 237.4 kJ/kg) of the energy

loss quantities are used in subsequent calculations.
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Table 5.3: Heat loss quantity at different temperatures under 55 bar pressure

Feed flow rate  Tintet  Texit Rinlet hexit (Nexit - hin) Qinput Qloss
(mL/min) (°C) (°C) (kIkg) (kIkg)  (ki/kg) (kilkg)  (kI/kg)
50 30 500 138.0 1391.7 1253.7 1375.8 122.1
50 30 550 138.0 1525.8 1387.8 1531.9 144.1
50 30 600 138.0 1662.1 1524.1 1694.9 170.8
50 30 650 138.0 1800.9 1662.9 1863.5 200.6
50 30 700 138.0 1942.3 1804.3 2052.7 248.4
300 _ . . 1600
— - - - flow rate 25 mL/min
—-@ - - flow rate 50 mL/min

~~ 250+ —— flow rate 25 mL/min -1400 —
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= 2001 L. 11200 2

R ~’./.l "5’

0 -

3 150- . 11000 2

> og o

2 100- ol * 800 =

(B o

c o

“ 504 / -600

Reactor temperature (°C)

0 : ; . . . 400
450 500 550 600 650 700 750

Fig. 5.5: Variation of energy loss and power input with temperature for toluene feed.

The ASTM D86 distillation, gas chromatography analysis, and specific gravity data were

used to find a typical surrogate composition of the HCF-1 equivalent fuel (Chickos et al. (2005)).
The NIST SUPERTRAPP database was used to find the thermo-physical properties of the
surrogate compounds, as shown in Table 5.4. The composition mentioned in the table is used in

SUPERTRAPP to estimate the enthalpy of the fuel at the experimental temperatures and pressure

conditions.
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Table 5.4: Properties of surrogate components obtained from NIST database

Components Boiling Specific Molecular Composition
point (°C) gravity weight (g/mol) (mol %)

Ortho-xylene 140 0.879 106.2 3
n-decane 174 0.730 142.3 15
n-undecane 196 0.740 156.3 15
Butyl benzene 183 0.867 134.2 10
n-dodecane 216 0.750 170.3 22
1-decene 172 0.740 140.3 5
2-methybutylbenzene 197 0.900 148.2 5
Naphthalene 218 1.162 128.2 3
Bi-cyclohexane 227 0.882 166.3 15
n-tridecane 234 0.756 184.4 3
Mesitylene 165 0.864 120.2 4

Fig. 5.6 shows the variation of the total and chemical heat sink capacity of the HCF-1
fuel at different temperatures. The plot shows that the heat sink capacities of the fuel increased
with the increase of reactor temperature. However, the incremental rate of the endothermic heat
sink is relatively lower than the corresponding value of total heat sink capacity. The estimated
values of endothermic (chemical) heat sink capacity of the HCF-1 fuel at 550, 600, 650, and 680
°C are about 321, 463, 635, and 805 kJ/ kg of fuel, respectively. The increase of chemical heat
sink with temperature is aligned with the increase of cracking percentage. About 73%
enhancement in endothermicity is noted when the cracking temperature was increased from 600
°C to 680 °C. The enhanced endothermicity can be beneficial to manage the thermal load for a
hypersonic engine system. A brief comparison of the endothermic heat sink capacity of various
fuels is shown in Table 5.5 along with relevant operating conditions. The endothermic heat sink
capacity of the studied HCF-1 is comparable with other hydrocarbon fuels.

For further investigation, GC-MS analysis was performed for the 650 °C sample to find

the change in hydrocarbon composition between the feed and cracked liquid product. The carbon
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number-wise area percentage, extracted from the chromatogram, is shown in Fig. 5.7 for the

major hydrocarbon groups. The plot shows that the concentration of C7, Cg, and Cg hydrocarbons

increased in the liquid product due to the cracking of Cio, C11, and C12 hydrocarbons. On the

other side, the increase of C13 and C14 hydrocarbon concentration could be due to the contribution

of polymerization reactions.
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Fig. 5.6: Effect of temperature on heat sink capacities of HCF-1 fuel.

Table 5.5: Endothermic heat sink capacity of various fuels

Fuel SG Boiling  Temp Pressure Feed flow  EHS* Reference
range (°C) (°C) (bar)  rate (g/min) (kJ/kg)
JP-7 0.79  206-239 700 23 10 988  Heinrich et al. (2001)
n—Octane  0.70 125+1 700 23 0.6 953  Huang et al. (2004)
JP-8 0.8 175-219 700 23 0.6 802 Huang et al. (2004)
n—Decane  0.73 174+1 667 40 40 550 Zhuetal. (2014)
RP-3 0.79  180-237 750 60 - 740 Jinetal. (2017)
HCF-1 0.79 167-214 680 55 40 805  present work

*EHS: endothermic heat sink
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Fig. 5.7: Composition in feed and liquid product obtained at 650 °C and 55 bar.

5.3.2. Pressure effect on cracking characteristics of HCF-1 fuel
5.3.2.1. Effect of pressure on cracking percentage, coke deposition, and heat sink

To examine the effect of pressure on the cracking characteristics of the HCF fuel, a set
of experiments was performed at four different pressures ranging between 25 bar and 55 bar. In
all cases, the reactor temperature was maintained at 650 °C. The temperature was chosen due to
the reasonable amount of endothermicity that can be obtained at 600 °C, as noted from previous
experiments. The variation in cracking percentage and coke deposition rate at different pressures
is shown in Fig. 5.8. The plot (Fig.5.8a) shows that the cracking percentage increased almost
linearly with the increase in reactor pressure. The heat flux increased from 84 kW/m? to 194
kW/m? when the reactor pressure was raised from 25 to 55 bar for a fixed temperature of 650
°C. As a consequence, the cracking percentage increased from 2.6% to 7.6%, and the product
gas flow rate increased from a value of 47 mL/min to 109 mL/min.

Coke deposition during the thermal cracking of high-boiling hydrocarbons is inevitable.
Coke deposition on the reactor surface will alter the heat transfer effect, and excessive coke will
block the fuel transfer line. Various factors, such as wall temperature, fluid pressure, fuel
residence time, duration of the test, the effect of reactor metallurgy, fuel composition, and

impurities present in the fuel, can influence the coke deposition rate Gascoin et al. (2008). The
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coke deposition rate of the fuel increased with reactor pressure, as shown in Fig. 5.8b. As the
reactor pressure increased from 25 bar to 55 bar, the coke deposition rate increased from 2
mg/min to 4.1 mg/min. The increase in reactor pressure can enhance the collision frequency of
the coke-forming species and, consequently, the coking reaction rate. Higher pressure can also
enhance the rate of polycyclic condensation reaction which may also lead to coke deposition.
However, the coke formation pathway involving the condensation and agglomeration of
polycyclic aromatic hydrocarbons requires higher residence times. Since in the present study,
the effect of pressure studies is performed for a residence time of nearly 1 s, the increase in coke
deposition may not progress linearly. Ervin et al. (2003) also noted a similar trend in the coke
deposition with reactor pressure for a Jet-A fuel. The variation in heat input and heat sink
capacities of the fuel at different pressures is shown in Fig. 5.9. The energy input and heat sink
capacity of the fuel gradually increased with pressure. The total heat sink capacity of the fuel
lies between 1446 kJ/kg to 1602 kJ/kg of fuel. The chemical heat sink capacity at 25, 35,45, and
55 bar pressure is about 520, 557, 594, and 634 kJ/kg, respectively, at 650 °C.
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Fig. 5.8: Effect of pressure on a) cracking percentage, b) coke deposition rate at 650 °C.
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Fig. 5.9: Effect of pressure on energy input and heat sink capacities of HCF-1 at 650 °C

5.3.2.2. Effect of pressure on product gas composition

To find the effect of reactor pressure on product gas composition, the gaseous sample
was analyzed in GC, and the results are shown in Fig. 5.10a. It is noted that the gaseous products
are rich in methane (Ci), ethane (C), ethylene (C>7), propane (Cs), propylene (Cs), and
hydrogen (Hz). The gases are formed mainly due to cleavage of the C-C or C-H bonds followed
by unimolecular B-scission and hydrogen abstraction reactions. The decrease in methane
concentration with pressure may be due to the enhanced rate of bimolecular radical
recombination reaction of methyl radicals. The increase in ethane and propane yield with
pressure may be because of the resultant effects of recombination of alkyl radicals, olefin
hydrogenation reaction, and hydrogen abstraction by C, and Cz radicals. The analysis further
shows (Fig. 5.10b) a decreasing trend in the mole ratio of C,7/C; and C37/C3z with reactor
pressure. However, the reduction is insignificant above 35 bar pressure. This decrease may be

due to a bimolecular addition reaction which can promote alkanes formation.
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Fig. 5.10: Effect of pressure on a) gaseous product distribution, b) olefin-to-alkane ratio.

5.3.3. Effect of space-time on cracking percentage, coke deposition, and heat sink

To investigate the effect of space-time on cracking characteristics of HCF-1 fuel, a set of
experiments was performed for different values of space-time for a fixed value of reactor
temperature and pressure. In the work, the space-time was varied between 2.8 s to 8.5 s by

changing the feed flow rate between 50 mL/min to 16.7 mL/min. The experiments were
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performed at 650 °C under 55 bar pressure, and the results are shown in Table 5.6. The data
shows that the cracking percentage, coke deposition rate, and endothermicity increased with
space-time. However, the incremental rate of cracking percentage, coke deposition rate, and
chemical heat sink decreased marginally with the increase of space-time. The cracking
percentage and endothermicity of the fuel increased by about 59% and 33%, respectively, as the
space-time increased from 2.8 s to 5.6 s. Further increase of space-time from 5.6 s to 8.5 s shows
that the increment in cracking percentage and endothermicity is about 51% and 35%,
respectively. The low value of incremental percentage of endothermicity compared to the
cracking percentage maybe because of exothermic hydrogenation and polymerization reactions
of the lighter olefins under the present experimental conditions.

To examine the possibility of a hydrogenation reaction of lighter olefins, the cracked-gas
analysis was performed, and the results are shown in Table 5.6. The analysis shows a decreasing
trend in Hy, ethylene (C>7), and propylene (C3™) compositions with the increase of space-time. It
is also found that the olefin (C2™ + C37)-to-alkane (Cz + C3), and H2/CH4 mole ratio decreased
with the increase of space-time. The reduction in olefin yield with residence time is also reported
by Jiang et al. (2011) for cracking dodecane under supercritical conditions. The analysis depicts
the possibility of hydrogenation reaction with the increase of space-time. Hydrogenation being
an exothermic reaction, can reduce the endothermicity of a fuel to some extent. Polymerization
of olefins is another possible reason for the low values of olefin yield with higher residence time.
The ASTM D86 distillation shows that the 95 vol.% (Tes%) and final boiling point (FBP)
temperatures of the liquid products (shown in Table 5.6) increased with the increase of space-
time. The increasing trend in FBP confirmed the possibility of a greater extent of polymerization

reaction with space-time.
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Table 5.6: Effect of space-time on cracking percentage, gas composition, coke
deposition, and heat sink capacity of HCF-1 at 650 °C and 55 bar

Space-time (s) 2.8 5.6 8.5
Fuel conversion (wt.%) 7.6 121 18.3
Coke deposition rate (mg/min) 4.1 5.7 7.5
Total heat sink capacity (kJ/kg) 1602 1816 2111
Chemical heat sink capacity (kJ/kg) 634 849 1144
Cracked-gas composition (mol %)

H: 23.2 22.5 21.7
Cu 26.3 27.2 27.7
C 1.79 7.13 7.91
Co” 22.6 16.8 16
Cs 4.6 5.5 5.7
Cs™ 8.5 8.1 7.6
Cs 2.0 2.1 2.4
Cs 1.6 1.8 2
Olefin-to-alkane mole ratio 2.17 1.97 1.73
H2/CH4 mole ratio 0.88 0.83 0.78
Tosy Of liquid products (°C) 220.3 221.6 224.2
FBP of liquid products (°C) 221.7 224.2 227.3

5.3.4. Analysis of coke morphology

In the present work, scanning electron microscopy (SEM) analysis was performed to
examine the surface morphology of coke samples. Fig 5.11 shows the SEM images of coke
samples that are obtained from the 650 °C operating temperature. At 200-micron magnification
(Fig. 5.11a), the coke sample shows two distinct (particle agglomeration and ribbon/wire-like)
surface morphology. On magnifying the selected portion, the agglomerated image shows a

flower-like structure (Fig. 5.11c). Further magnification to 0.5-micron resolution, the image
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shows that the flower-like structures are comprised of oval-shaped particles (Fig. 5.11d) with a
diameter range of 30 nm to 70 nm. In contrast, the magnification of the ribbon-shaped structures
shows fiber morphology with small branches/sheets/coils, as shown in (Fig. 5.11b). The diameter
of the fibers lies in the range of 5 to 30 um. The round-shaped particle indicates the characteristic
of amorphous coke, and the ribbon-shaped morphology is a characteristic of filamentous coke.
The two types of surface morphology indicate two different mechanisms/ pathways followed to
form coke deposits during the thermal cracking of HCF-1. In general, amorphous coke developed
due to the polymerization and deposition of high molecular weight hydrocarbons. In contrast,
filamentous coke is formed due to the interaction of the poly-nuclear aromatic precursors with
the metal surface and condensation reaction. A similar kind of coke morphology was also noted

by Liu et al. (2015) for a kerosene range hydrocarbon.
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Fig. 5.11: SEM images of coke sample obtained at 650 °C for a) 200 pum, b) 10 um, ¢) 1 pm,

and d) 0.5 um magnification.
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5.3.5. Estimation of kinetic rate constant and activation energy

In estimating the kinetic parameters for the cracking of HCF-1 fuel, it was assumed that the
reactant and product exist as a single phase under supercritical conditions, and the reactor
behaves like an ideal plug flow reactor. Eq 5. 28 is used to estimate the residence time (t) of the
fuel at different temperatures. Eq. 5.29 was used to estimate the first-order rate constant (k1) at
different temperatures, and the results are tabulated in Table 5.7. Fig. 5.12a shows that the first-
order rate constant (ki) increased exponentially with the increase of reactor temperature. The
value of ki increased by nearly 4-time with the increase in reaction temperature from 600 °C to
680 °C. The Arrhenius plot, as shown in Fig 5.12(b), was used to find the apparent activation
energy of the cracking reaction for two different scenarios. The estimated value of the apparent
activation energy is about 125 kJ/mol for € = 0, and the corresponding value for € = 5 is 135.3
kJ/mol.

_ Volume of reactor _ Ve
t= . = Eq. (5.28)
Average volumetric flowrate T P, Zag
Vv avg. x 0 %
° To I:)avg. Zo
1
K, :E[—In(l—x)+g{—|n(l—x)—x}] Eq. (5.29)

Table 5.7: Values of first-order rate constant (k1) at different temperatures

Temperature (°C) 550 600 650 680
Cracking percentage (wt.%) 1.2 3.3 7.6 10.3
Reactor volume (mL) 2.36 2.36 2.36 2.36
Residence time (s) 1.17 1.03 0.94 0.90
‘ky’ for e =0 (1/s) 0.010 0.033 0.084 0.121
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5.4. Conclusion

In this chapter, the cracking characteristics of a multi-component hydrocarbon fuel (i.e.,
HCF-1 with a boiling range of 131-223 °C) are investigated. The effects of reactor temperature,
space-time, and initiator loading on fuel conversion, endothermicity, coke deposition rate, and
product-gas yield are examined in-depth. The cracking experiments were performed for a
temperature range of 550 to 680 °C at 55 bar pressure. The space-time parameter was varied
from 2.8 s to 8.5 s. It is observed that the cracking percentage, coking rate, and endothermicity
of the fuel increased with the increase in temperature. The cracking percentage of HCF-1 at 600
°C is 3.3 wt.% and increased to 10.5 wt.% at 680 °C. The coke deposition rate and endothermic
heat sink capacity increased from 3.1 to 7 mg/min and 463 to 805 kJ/kg, respectively, as the
temperature increased from 600 °C to 680 °C. A decreasing trend in the olefin-to-alkane ratio is
observed with the increase in cracking temperatures. With the increase in pressure from 25 to 55
bar, the fuel conversion increased by 2.5 times and endothermicity by about 20% (520 to 634
kJ/kg). With the increase in space-time from 2.8 s to 8.5 s, the cracking percentage improved by
2.4-fold, and endothermicity increased by 1.8 times (from 635 to 1144 kJ/kg) at 650 °C. A
decreasing trend in olefin yield is noted with residence time. The SEM analysis confirmed that
the surface morphology of the coke deposits consists of spherical-shaped (amorphous) and
ribbon-like (filamentous) structures. Also, the kinetic investigation showed a good fit of the

experimental data with the first-order kinetics, and the calculated values of the first-order rate
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constant (k) lie between 0.01 to 0.15 (1/s) for the studied temperature range depending on the
volume expansion factor. The estimated value of the apparent activation energy of the HCF-1
cracking reaction is about 125 kJ/mol.
The outcome of Chapter 5 bridges the following objectives mentioned in Chapter 1.

» Understanding of cracking characteristics of multi-component fuel above 650 °C and 50 bar

pressure and for a fuel residence time of less than 3 s.
 Establishment of a modified methodology for the estimation of heat loss percentage.
+ Establishment of new methodologies for estimating the enthalpy change for heat sink.
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Chapter-6

Efficacy of Initiators on Cracking Characteristics
of Hydrocarbon Fuel Under Supercritical

Conditions



Efficacy of Initiators on Cracking Characteristics of Hydrocarbon

Fuel Under Supercritical Conditions

6.1. Introduction

Hydrocarbon fuels are capable of performing the dual role of propellant and coolant
(Stashkiv et al. (2019)). In an advanced engine, the fuel that flows through the exterior wall of
the combustor can absorb combustion heat (Fortin et al. (2013), Xiao et al. (2021)). The
absorption of heat by the fuel facilitates the phase transition and cracking of the fuel during its
journey through the fuel transfer lines (Liu et al. (2021)). It can be an efficient approach in
managing the thermal load of the engine structure. Jet A-1, JP-4, JP-5, JP-7, JP-8, JP-9, RP-1,
hydrogenated carene, and RP-3 are examples of kerosene range fuels consisting of carbon
numbers in the range of Co to C16 (Wang et al. (2023)). The fuels are typically comprised of 40—
60% of alkanes/isoalkanes, 20-30% naphthenes, and less than 10% in aromatics (Zhou et al.
(2017), Sun et al. (2019)). The cracking performance of hydrocarbons depends on the H/C ratio
of the fuel (Lei et al. (2016), Zhou et al. (2017)). JP-10 (tetrahydro-dicyclopentadiene) fuel, a
high-energy-density single-component hydrocarbon with a carbon number of C1o, can offer high
heat sink capacity (Huang et al. (2017)). The cracking of fuel molecules can lead to the formation
of cyclic hydrocarbons which can further polymerize into polycyclic aromatics and act as a
precursor for coke deposition (Liu et al. (2015), Qu et al. (2011)). A good fuel should offer a
high heat sink capacity and low coke deposition under a supercritical environment. The
suitability of several heterogeneous catalysts, such as ZrO,-TiO2, ZrO,-TiO2-Al>O3, zeolites,
HZSM-5, and SAPO-34, has been examined by various authors for the supercritical cracking of
hydrocarbon fuels (Kim et al. (2020), Jiao et al. (2018), Zhang et al. (2013)). However, catalyst
coatings have certain limitations, such as quick deactivation and low heat transfer rate, and they
require strong adhesion between the catalysts and the metal surface (Liu et al. (2022)). The
housing of uniform coating of catalysts inside a narrow tube (nearly 2 mm internal diameter) is
another challenge. These limitations can be mitigated by choosing homogenous initiators that
are soluble in fuel.

From the literature survey, it is found that in most of the studies, single-component

hydrocarbons were used to examine the influence of initiators. But in actual applications, multi-
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component fuels such as RP-3, and JP-7, derived from a kerosene-range hydrocarbon, are more
appealing than a single-component hydrocarbon due to cost factor. Also, a multi-component fuel
can absorb heat from the wide region of the supersonic combustor due to differential values of
heat capacity and crackability of different hydrocarbons at various temperatures. The aim of the
present research is to examine the suitability of initiators on the cracking characteristics of a
multi-component fuel under a supercritical environment is investigated. The study also includes
the effect of initiator on liquid product composition, alkane-to-aromatic, and alkane-to-
cycloalkane ratios in liquid products, and its impact on coke deposition.

6.2. Materials and Methods
6.2.1. Materials

A hydrocarbon fuel (named as HCF-2), used in the work, was purchased from Ogene
Systems India Pvt. Ltd., India. The physicochemical characteristics of the fuel are presented in
Table 1. Triethylamine (TEA), and di-tert-butyl peroxide (DTBP) were purchased from S.D.
Fine Chemicals Ltd., India. Other chemicals used for calibration and analytic purposes are
detailed in Chapter-3.

6.2.2. Experimental setup and procedure

The experiments were conducted using a high-pressure flow reactor, and the details are
explained in Chapter 3. Nearly 75% of the pyrolysis experiments were repeated to examine the
repeatability of the power input to the reactor, and the observed deviation in power input lies
below 3%. To indicate the deviation in the experimental results, an error bar is kept in most of
the results. Uncertainty in experimental results is inevitable in most cases, and it can arise due to
fluctuations in operating variables. The fluctuations noted in the instrumental readings were
reactor temperature: + 3 °C; reactor pressure + 1 bar; fuel flow rate + 0.1 g/min, and power input

from the transformer: + 15 watts.

6.3. Results and Discussion
6.3.1. Characterization of HCF-2 fuel
Several techniques were used to find the physicochemical properties of the hydrocarbon

fuel, as shown in Table 6.1. ASTM D86 distillation analysis revealed that the boiling range
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temperature of the fuel lies between 149-224 °C, and the average boiling temperature (Tavg) iS
190.7 °C. The critical temperature and critical pressure of the fuel are estimated using Eq. 6.1
and Eq. 6.2, respectively. The GC-MS chromatogram of the HCF-2 fuel is presented in Fig. 6.1a.
GC-MS analysis showed that the fuel consists of primarily C1o, C11, C12, and C13 hydrocarbons
with a minor quantity of Coand Ci4 hydrocarbons, as shown in Fig. 6.1b. The GC analysis also

revealed (Fig. 6.1c) that the fuel is rich in paraffinic and naphthenic content.

T.(°F)=186.16 +1.6667 x SGx (T +100)-0.7127x 107 x {SG x(T +100)}" Eq. (6.1)

P (psia)= 3.4824x10° x (T +460)>**"" x SG>* Eq. (6.2)

where ‘T is the average boiling point in °F, and ‘SG’ is the specific gravity of fuel.

Table 6.1: Physico-chemical properties of HCF-2 fuel

Properties Value Properties Value
Density @ 28 °C (kg/m®) 795%5 ASTM D86 boiling characteristics
Aniline point (°C) 681 5 vol.% temp. (Ts%), °C  171.8
Critical temperature (°C) 379+ 05 10 vol.% temp. (T10%),°C  176.2
Critical pressure (bar) 23+0.1 20 vol.% temp. (T20%), °C  179.1
Calorific value (MJ/kg) 45+0.2 30 vol.% temp. (Tzo%), °C ~ 182.1
Average boiling point (°C) 190.7 40 vol.% temp. (T4o%), °C  185.2
Paraffin (P) (vol.%) 511+1 50 vol.% temp. (Tso%), °C ~ 188.6
Naphthene (N) (vol.%) 404 +1 60 vol.% temp. (Teo%), °C ~ 192.6
Aromatic (A) (vol.%) 82+0.5 70 vol.% temp. (T7o%), °C  197.3

80 vol.% temp. (Tso%), °C  203.3
90 vol.% temp. (Toox%), °C 211.8
95 vol.% temp. (Tos%), °C ~ 218.7
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composition among Cio to C13 hydrocarbons of feed HCF-2 fuel.

6.3.2. Influence of initiators on supercritical cracking characteristics of HCF-2

To investigate the effect of initiators on fuel cracking percentage, coke deposition rate,
endothermicity, and product distributions of the HCF-2, cracking experiments were performed
in the presence of two different initiators, namely triethylamine (TEA) and di-tert-butyl peroxide

(DTBP) under similar operating conditions. The initiators were chosen due to the presence of
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low-energy C-N and O-O bonds. The bond dissociation energy of a C—N-bond (nearly 305
kJ/mol) and O-O bond (nearly 160 kJ/mol) is lower than a C—-C bond (nearly 346 kJ/mol)
(Chakraborty et al. (2012). The boiling point temperature of TEA and DTBP is 89.5 °C and 110
°C, respectively. The specific gravity value of the TEA and DTBP is 0.725, and 0.796,
respectively. Under supercritical conditions, the C—N bond in TEA, and the O-O bond in DTBP
can undergo homolytic fission, resulting in the formation of free radicals and the radicals can
initiate the cracking process. To examine the impact of initiator concentration on fuel cracking
performance, the concentration of the initiators in the fuels was varied between 0.1 wt.% and 1
wt.%. In each case, the cracking experiments were performed at 650 °C under 55 bar pressure
and for a fuel flow rate of 50 mL/min. The details of analysis techniques, feed and product
characterization, expressions, and equations used in estimating the cracking percentage, coke
deposition rate, and heat sink calculation are mentioned in Chapter-4.

6.3.2.1. Effect of initiator on fuel cracking percentage and coke deposition

Fig. 6.2a shows the influence of TEA and DTBP on the cracking percentage of HCF-2.
In each case, the concentration of initiators was kept at a level of 0.5 wt.% of HCF-2. The result
shows that the cracking percentage of HCF-2 increased in the presence of initiators compared to
the initiator-free case. Between the two initiators, the TEA shows better performance than the
DTBP. The cracking percentage increased by 4.4% in the presence of TEA, and the
corresponding increment is nearly 2.6 % for the DTBP case. The coke deposition rate during
thermal cracking of HCF-2 without any initiator at 650 °C and 55 bar pressure is 4.1 mg/min.
The investigation shows that the coke deposition rate increased in the presence of both initiators.
The coke deposition rate in the presence of 0.5 wt.% loading of TEA and DTBP increased by a
margin of 10% and 20%, respectively, as shown in Fig 6.2b.
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A probable mechanism for the formation of various radicals from TEA and parent
hydrocarbon (CnHm) is shown in Eq. (6.3-6.15). Ethyl radicals are formed by the decomposition
of TEA, as shown in Eq. 6.3 and Eq. 6.4. Ethyl radical might also undergo decomposition to
form ethylene, as shown in Eq. 6.5. Ethane can form as per the hydrogen abstraction reaction
described in Eq. 6.7. The cracking reaction propagates with the aid of the free radicals that are
formed in the initiation steps, as shown in Eq. (6.7-6.12). Since the radical-radical combination
involved less activation energy, radical termination reactions can happen involving Eq. (6.12-
6.15). The fuel radicals formed in the initiation step can undergo a series of decomposition and

bimolecular reactions to form lower allyl radicals, olefins, and paraffin.

Initiation steps:

(CH,CH,),N — CH,CH," +(CH,CH,),N" Eq. (6.3)
(CH,CH,),N* —CH,CH," +CH,CH,N" Eq. (6.4)
CH,CH,” >C,H,+H" Eq. (6.5)
C,H, >CH, +C_H, ~ Eq. (6.6)

Propagation steps:

Hydrogen abstraction: CH,CH,"+C H, —->C,H,+C H,_ ° Eq. (6.7)
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C-C bond scission: C.H,.,”—C H_.+CH, Eqg. (6.8)
C-H bond scission:. C H_ ,"—>CH_ ,+H°’ Eqg. (6.9)
Formation of lower allyl radicals: ~ C,H,,"—>C _H ,+CH" Eq.(6.10)
Formation of olefins: Ck H|° — Ck H. +H°* Eq. (6.11)

Formation of paraffins:C_H,"+C H, —>CH +CH, , Eq. (6.12)

Termination steps:

H*+H"—>H, Eq. (6.13)
CH.® +H* —CH, Eq. (6.14)
CH,"+CH,” — C,H, Eq. (6.15)

A possible mechanism of DTBP dissociation can occur according to Eq. (6.16-6.20).
DTBP decomposes by releasing two butoxy radicals. The butoxy radical can further decompose
to form methyl radical and acetone. The formation of acetone was confirmed from the analysis
of the liquid product. The tert-butanol (in Eq. 6.18) can further undergo dehydration and
dehydrogenation reactions to form butylene and 1, 3 butadiene, as shown in Eqg. 6.19. In the
gaseous product, the methane yield was higher with DTBP than the corresponding value in the
presence of TEA. The chain propagation and radical termination reaction can follow similar

pathways as mentioned above.

(CH,),COOC(CH,), — 2(CH,),CO" Eq. (6.16)
(CH,),CO" — CH; +CH,COCH, Eg. (6.17)
(CH,),CO"+C H,, —-»C,H,0+CH,_ .~ Eq. (6.18)
Cc,H,, 0—"° C,H,—"513-C,H, Eq. (6.19)
CH,+CH_ —>CH,+CH__° Eq. (6.20)
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Even though the bond dissociation energy of the O-O bond (nearly 160 kJ/mol) in DTBP
is significantly lower than the C-N bond (nearly 305 kJ/mol) in TEA, the cracking percentage is
relatively higher for TEA than with DTBP. This indicates that an initiator with lower bond
dissociation energy may not be a sufficient condition in enhancing the cracking percentages. The
nature and stability of free radicals formed from an initiator play a vital role in enhancing the

fuel cracking percentage.

To examine the probable reasons for the increase in coke depositions with initiators, the
GC-MS analysis was performed for the liquid products. The GC-MS chromatogram of the HCF-
2 derived liquid products at 650 °C and 55 bar without and with initiators, is shown in Fig. 6.3.
The analysis of GC-MS data revealed the presence of coke precursors like alkyl benzenes,

naphthalene, and indene compounds in the liquid products.

Abundance

10.502

6000000

5500000

5000000

4500000

4000000

3500000

Time-->

Initiator free case at 650 °C and 55 bar

2185

2448]

3.00

9.010

7.504

8.110

J 9.2p4
8.291

9.621

QGSJ

7.691

184

4.00 5.00 6.00 7.00 8.00 9.00

752
98%d 105 |

10.00

11.346

11.216

——T
11.00

(a)

e 6476864 : 10/904
2500000 | 4 2 éesssl 1 , 1 L |
g 6.6 4, glgc)’ ] |
2000000 \ 551891 7582 8.4 :s
N H;« #L? b i |
1500000 5 |98
5}“ { i 5‘\ 7%?? Ff\' ? ‘ l | ' '\' 1| 'J’,‘f:; 12760
19009 '.\ (AN ‘ Il "I (NI ‘ ,.nz 5
UL 1AV e l 2544
AL I ‘1 ! | t \ | l
500000 LLLORAELLER JE |

1200 1300 14.00

98

N A A
S AN




5500000

5000000

4500000

4000000

3500000

3000000

2500000

2000000

1500000

1000000

500000

Time-->

HCF-2 + 0.5 wt.% TEA

9.010

7.504

8110

10.502

11.346

+

W

|

805

12.760

; &LJ

(®)

Abundance

8000000

7000000

6000000

5000000

4000000

3000000

2000000

1000000

Time-->

HCF-2 + 0.5 wt.% DTBP

10.508

11.354

©

Fig. 6.3: GC-MS chromatogram of HCF-2 derived product a) without initiator, b) with TEA,

and c) with DTBP.
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Fig. 6.4a shows the contribution of alkyl benzenes (C> to Ce alkyl benzene) in the HCF-
2 feed and cracked liquid products with and without initiator. The combined (i.e., C2 to Cs)
contribution of the alkyl benzenes in the HCF-2 feed and cracked product (without initiator) is
about 1.6% and 6.9%, respectively. Whereas, in the presence of 0.5 wt.% of TEA and DTBP,
the overall contribution of alkyl benzenes is nearly 4.3% and 2.5%, respectively. The decrease
in concentration may be due to consumption of the alkyl benzenes in coke formation. The
variation in alkyl benzene percentage in the cracked products is consistent with the coke results.
The presence of stable aromatic compounds, such as benzene, toluene, and naphthalene, is
beneficial as they can reduce the tendency of coke-forming radicals like benzyl, phenyl, and
naphthyl. The formation of these radicals can enhance the probability of polycyclic aromatic
hydrocarbons (PAHS), which can act as precursors in pyrolytic coking.

There might be another class of aromatics, like olefinic-bond containing aromatics, which
might have contributed to the formation of pyrolytic coke. The overall concentration of olefinic-
bond containing aromatics in the liquid products is nearly 0.5%, 0.4%, and 0.6% in the absence
of an initiator, with TEA and DTBP, respectively, and the corresponding amount in the feed is
nearly 0.7%, as shown in Fig. 6.4b. Generally, the reactivity of the olefinic bond containing
aromatics increases with the increase of aromatic rings. Hence, a higher concentration of olefinic
bonds, longer residence time, and higher cracking temperature can increase the addition and
condensation reactions and finally lead to coke formation. A similar kind of observation is also
noted by Wang et. al. (2023) for the supercritical cracking of heavy oil hydrocarbon.

Further, the alkane-to-aromatic and alkane-to-cycloalkane ratios in the feed and products
were analyzed to examine their impact on coking phenomena. Fig. 6.4c and Fig. 6.4d show the
alkane-to-aromatic and alkane-to-cycloalkane ratios of the Cio, C11, C12, to Cy13 hydrocarbons
present in the feed and liquid products. Though the analysis shows some incremental change in
the alkane-to-aromatic ratio in the presence of initiators, no specific correlation was noted
between the coke deposition and the alkane-to-aromatic ratio. Due to cyclic structures, aromatics
and cycloalkanes are less efficient for pyrolysis compared to alkanes under similar operating
conditions (Jiang et al. (2011)). The coke-forming mechanisms of alkanes, cycloalkanes, and
aromatics are different due to their structural variation and thermochemical stability. Coke
deposition during the thermal cracking of alkanes progresses mainly by chain scission, ring
formation by Diels-alder reactions, and polymerization reactions. Coke formation from
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cycloalkanes can proceed through dehydrogenation, dealkylation, condensation, and

polymerization reactions.
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Fig. 6.4: Variation in a) alkyl-benzene concentration, b) olefinic-bond containing aromatics
concentration, c) alkane-to-aromatic ratio, and d) alkane-to-cycloalkane ratio.

6.3.2.2. Effect of initiator on gas composition and heat sink

The formation of gaseous hydrocarbons and hydrogen in a thermal cracking process may
help to improve the ignition and combustion quality in high-speed engines. The change in
concentration of gaseous compounds due to the addition of initiators is an important factor in
evaluating the efficacy of an initiator. Additionally, the formation of lighter olefins, such as
ethylene and propylene, is beneficial in enhancing the heat sink capacity of a fuel. However, the
light olefins can also enhance coking phenomena via the Diels-Alder reaction under a suitable

reaction condition. The yield of the major components in the gaseous products obtained from the
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650 °C cracking temperature is shown in Fig. 6.5a. In the presence of 0.5 wt.% TEA, the yield
of hydrogen increased by 7.6% due to the enhanced rate of hydrogen radical formation and its
recombination to hydrogen gas in the termination step. The formation of ethyl radicals due to the
C-N bond scission of the TEA initiator enhanced the ethylene (C>™) and ethane (C) yield in the
gaseous product according to Eq. 6.9 and Eqg. 6.11, respectively. Whereas, the reduction in
propane (Cz) and propylene (Cs7) yield may be due to the unimolecular decomposition of propyl
radicals to lighter hydrocarbons. In the case of the 0.5 wt.% DTBP, the yield of methane
increased remarkably compared to the initiator-free case. The increase in methane yield may be
due to the decomposition of the butoxy radicals to methyl radicals (Eq. 6.21) and subsequently
to methane formation (Eq. 6.24). An olefin-to-alkane ratio can be an important parameter to
understand any significant change in the cracking behavior of hydrocarbons in the presence of
an initiator. The ratio may be helpful in getting a qualitative idea about the variation in
endothermicity. Generally, the higher the olefin-to-alkane ratio, the expected endothermicity will
be higher. The calculated values of the (C.™+C3)/(C2+C3) mole percentage ratio in the gaseous
products are 2.42, and 2.31 in the presence of 0.5% of TEA and DTBP. Whereas the
corresponding value in the absence of an initiator is 2.21. The result signifies that the cracking
mechanism is mostly unaltered with and without initiators. The marginal (nearly 8%) increment
in the olefin-to-alkane ratio in the presence of initiators may be due increase in ethylene yield.
Fig. 6.5b shows the variation in heat sink capacity of HCF-2 with and without initiators
under similar operating conditions. At 650 °C cracking temperature and under 55 bar pressure
the overall heat sink capacity without initiator is 1632 kJ/kg. The overall heat sinks increased by
2.3% and 4.4% in the presence of 0.5% of TEA and DTBP loading, respectively. In the presence
of TEA and DTBP, the (C>™+C37)/(C2+C3) mole ratio increased by 6.8% and 3.8%, respectively.
The rise in the olefin-to-alkane ratio in the gaseous product may contributed in enhancing the
overall heat sink of the fuel. It is also noted that the peroxide initiator (i.e., DTBP) offered higher
heat sink capacity in spite of the lower value of fuel cracking percentage in comparison to the
TEA initiator. With the DTBP initiator, the relatively higher value of the alkane-to-cycloalkane
ratio (Fig. 6.4d) in the liquid product implies that more cycloalkanes have participated in the
cracking reactions. The chemical heat sink values are increased by about 7% and 13% in the

presence of TEA and DTBP, respectively, compared to the initiator-free case. In the case of
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DTBP, the formation of butanol and its subsequent cracking percentage to butylene and 1,3-

butadiene may be responsible for higher endothermicity in comparison to TEA.
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Fig. 6.5: Influence of initiators on a) gas composition, b) heat sink capacities.

6.3.2.3. Effect of initiator loading on cracking percentage, coke deposition, and heat sinks

To examine the impact of initiator loading on the thermal cracking characteristics of the

HCF-2 fuel, the initiator loading was varied between 0.1% to 1% in the feed, and the cracking

experiments were performed at 650 °C under 55 bar pressure with a feed flow rate of 50 mL/min.

The variation in fuel cracking percentage, coke deposition rate, olefin-to-alkane ratio of the

gaseous product, and heat sink capacities with initiator loading are presented in Table 6.2.

Table 6.2: Effect of initiator on cracking percentage, coke deposition, and heat sinks

HCF-2 HCF-2+TEA HCF-2+DTBP
Initiator loading (wt.%) - 0.1% 0.5% 1% [0.1% 0.5% 1%
Cracking percentage (wt.%) 8.1 8.9 12.5 16.7 8.3 10.7 14.2
Coke deposition (mg/min) 4.1 42 45 6.4 |4.2 4.9 6.8
Olefin-to-alkane ratio 2.21 222 242 2.6 222 231 2.44
Total heat sink (kJ/kg) 1632 | 1640 1670 1706 | 1643 1705 1723
Chemical heat sink (kJ/kg) 586 593 627 667 596 664 689

103



The result shows an increasing trend in fuel cracking percentage, coke deposition rate, and heat
sink capacity with the increase in initiator loading. The fuel cracking percentage increased by
8.6% and 6.1% in the presence of TEA and DTBP initiators of 1% loading. The coke deposition
rate increased by 1.6 and 1.7 folds with TEA and DTBP of 1%, respectively. The chemical heat
sink capacity increased by about 14% and 18% in the presence of TEA and DTBP of 1% loading,
respectively. Though the result shows an increasing trend in the heat sink capacities with initiator

loadings, the increasing trend in the coke deposition rates can be a critical issue.

6.4. Conclusion

In the present research, the impact of reactor pressure and the influence of initiators on
cracking characteristics, such as fuel cracking percentage, coke deposition rate, gas and liquid
product distribution pattern, and heat sink capacities, of hydrocarbon fuel under supercritical
environments were examined in depth. A multi-component hydrocarbon fuel with a boiling range
of 149-224 °C was considered in the work, and the pyrolysis studies were performed using a
tubular flow reactor. The efficacy of two homogeneous initiators, triethylamine (TEA) and di-
tert-butyl peroxide (DTBP), on heat sinks and coke deposition was also investigated. Though the
initiators showed a positive impact on the heat sink capacity of the fuel, the coke deposition is
also increased in the presence of initiators. The cracking percentage increased by 8.6% and 6.1%
in the presence of TEA and DTBP initiators of 1% loading. The coke deposition rate increased
by 1.6 and 1.7 folds with TEA and DTBP of 1%, respectively. The chemical heat sink capacity
increased by about 14% and 18% in the presence of TEA and DTBP of 1% loading, respectively.
Though the result shows an increasing trend in the heat sink capacities with initiator loadings,
the increasing trend in the coke deposition rates can be a critical issue. Between the two initiators,
the nitrogen-based TEA initiator showed somewhat better performance in terms of fuel cracking
percentage and coke deposition rate, and the DTBP offered better heat sink capacity. From the
investigation, it can be said that, although the homogeneous initiators are helpful in boosting the
endothermicity of hydrocarbon fuels, coke formation can be a critical parameter in selecting an
appropriate initiator.

The outcome of Chapter 6 bridges the following objectives mentioned in Chapter 1.
» Understanding of the influence of initiator on fuel conversion, heat sink, and coking

behavior of multi-component fuel.
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Chapter 7

Development of Coke Model for Thermal Cracking of

Hydrocarbon Fuels Under Supercritical Conditions

7.1. Introduction

An onboard fuel can be used to obtain energy for flying and as a regenerative cooling
media to safeguard the internal structure of an engine (Qin et al. (2013), Li et al. (2021)). To
achieve the objectives, fuel should have a high calorific value and higher heat sink capacity.
Higher calorific content leads to better combustion quality for achieving greater than Mach-4
speed, whereas a higher heat sink capacity helps to absorb the heat loads emanating from the
combustion chamber (Konda et al. (2022), Yang et al. (2012)). Before entering the combustion
chamber, a hydrocarbon fuel may undergo thermal cracking reactions in the fuel transfer lines,
which are fixed on the surface of the combustion chamber (Konda et al. (2022), Xu et al. (2015)).
The smaller hydrocarbons can play an important role in improving combustion quality (Liu et
al. (2014), Ning et al. (2012), Zuo et al. (2020), Yue et al. (2016)). Due to cost-effectiveness and
easy availability, a hydrocarbon liquid can be a preferred choice for regenerative cooling. A long-
chain hydrocarbon can crack at relatively lower temperatures than a short-chain hydrocarbon.
However, the efficacy of thermal cracking hugely depends on coking phenomena that can occur
inside the fuel transfer lines. Deposition of carbonaceous materials is inevitable in a thermal
cracking process. Several studies are available on how coke precursors (e.g., light olefins and
aromatics) are formed during the cracking process and which can lead to carbon deposition inside
the fuel line (Edwards (2016), Dewitt et al. (2011), Jiang et al. (2013)). A quantification of coke
precursors is important to estimate the coke deposition rate. It is difficult to isolate each
intermediate species formed during the pyrolysis process for multi-component fuels, like
kerosene range aviation fuel, JP-7, and RP-3. To overcome this difficulty, researchers have used
a simplified approach of considering single-component hydrocarbons, such as n-decane and n-
dodecane, whose molecular formulas are close to kerosene range jet fuels and can be represented
as model hydrocarbons (Tianhao et al. (2020), Keke et al. (2015)). The kinetic representations
of cracking reactions can be classified into descriptive (Keke et al. (2015)), lumped (Roohollahi
et al. (2012)), and global (Ward et al. (2004)) kinetic models. The descriptive kinetic model for

n-dodecane comprises 1175 reactions, and the lumped kinetic model for Cs - Ci6 alkanes
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comprises about 7000 chemical reactions (Dahm et al. (2004)). Working with a large number of
chemical reactions is too cumbersome for practical implementation in flow simulations, whereas
a global kinetic model can offer more realistic predictions to describe cracking reactions inside
a flow system (Tian et al. (2023)).

Zhu et al. proposed a single-step global kinetic model and validated it by performing
pyrolysis experiments with n-dodecane under supercritical pressures (4.2 - 5.3 MPa) and
temperatures (590 - 630 °C) using a flow reactor (Zhu et al. (2014)). Zhang et al. (2018)
developed a global kinetic model for the pyrolysis of n-dodecane under supercritical conditions.
Jiang et al. (2019) and Wang et al. (2020) have developed differential global kinetic models for
the cracking of n-decane. Most of the kinetic models emphasized the possibilities of liquid and
gaseous product formation, and the coke deposition aspect within the fuel line was ignored. Liu
et al. (2013) developed a coke formation model for n-decane and RP-3 fuel. Mohamadalizadeh
et al. (2013) developed coke-predicting models for naphtha cracking under subcritical pressure.
Various properties such as fuel density, hydrocarbon composition, and impurities (e.g., sulfur,
nitrogen, arsenic) can be crucial in forming coke precursors. Though the concentration of
impurities is less than 1% by weight in most cases, their contribution can trigger the formation
of filamentous coke and gum deposits exponentially. Additionally, the combined effects of
operating parameters, like temperature, pressure, and residence time, can also propagate the
formation of agglomeration and condensation of coke deposits due to the phase transition from
subcritical to supercritical conditions (Wang et al. (2023), Hou et al. (2013)). Studies on the coke
prediction models considering fuel property, operating condition, and the contribution of coke

precursor on coking phenomena are scanty in literature.

The present research aims to explore the development of a coke model that can be used
to predict the coke deposition rate of cracking reactions under supercritical conditions. To
achieve the objective, numerical investigations are performed using FLUENT software to predict
the concentrations of coke precursors like light olefins and aromatics that are likely to form
during the progress of a cracking process under elevated temperature and pressure conditions.
The simulated data of coke precursor concentration, operating temperature, pressure, fuel
residence time, and fuel properties are fitted into a set of multi-coefficient linear equations to

find the coke deposition rate. The set of linear equations is solved to compute the coefficient of
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variables. The obtained coefficients are used to develop a predictive coke model to simulate the
coke deposition rate. The developed coke model is validated with the literature-reported coke
data and the in-house generated experimental data from the pyrolysis of n-heptane under

supercritical conditions.

7.2. Methodology Adopted for Numerical Simulations and its Validation.
7.2.1. Computation setup used for numerical simulation

Thermal cracking involves the cracking of heavier hydrocarbons into lighter
hydrocarbons. When heat is applied externally along the length of the reactor, the fuel undergoes
a phase change from a subcritical liquid state to a supercritical state upon absorbing the heat.
With further increase in heat flux, the fuel may undergo cracking reactions with C-C/C-H bonds
scissions releasing free radicals. The free radicals initiate bimolecular reactions or undergo
decomposition reactions. During the progress of cracking reactions, the formation of coke
precursors, such as lighter olefins, aromatics, and dienes, can lead to coke depositions inside the
reactor surface. ldentifying the precursor concentration along the length of the reactor is vital in
understanding the coke deposition phenomena. Fig. 7.1 presents the probable mechanism for
precursor formation, which can lead to coking phenomena in a tubular reactor. Hydrocarbon fuel
(CaHm) undergoes C-H scissions to form allyl radicals. The allyl radicals can form olefins and
new radicals. Lighter olefins can undergo a Diels-Alder reaction at higher pressures and
temperatures to form cyclic structures. The cyclic structure proceeds to polymerization reactions
to form polycyclic aromatic hydrocarbons (PAHS), which coalesce into coke deposits. The coke
deposition will offset the heat transfer from the exterior wall surface to the fuel flowing
internally. Additionally, the properties of fuel strongly impact heat transfer phenomena and,
consequently, the overall heat sink capability of a fuel. The objective is to find the concentration
of coke precursors along the length of the fuel flow reactor.

To investigate the coking phenomena along the length of the reactor, a two-dimensional
(2D) axisymmetric geometry, as shown in Fig. 7.2, was constructed for computation. S; is the
domain that represents fluid and metal wall interfaces, and S indicates the domain of bulk fluid
phase, L is the length, r is the radius, 1.D. is the inner diameter, and O.D. is the outer diameter of

the reactor tube. An inflation-type mesh with a thickness of 5x10* mm for fifty layers was
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assigned in the simulation to capture the variation in fluid properties and its influence on flow

analysis.

CnHm 7 (Cnl_lm-l)ak-i_l—la‘<
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Fig. 7.1: A representation of thermal cracking of hydrocarbon in a flow reactor.
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Fig. 7.2: Schematic of computational domain considered in numerical analysis.

7.2.2. Governing equations

For the fluid region, the conservation equations, namely the mass (Eg. 7.1), momentum
(Eq. 7.2), and energy (Egq. 7.3) equations, were solved numerically to find the flow
characteristics. The species distribution (Yi) from the pyrolysis of hydrocarbons is described by

the convective-diffusion species transport equations (Eq. 7.4 and 7.5).

0
Mass conservation equation: Ep +V.(pv)=0 Eq. (7.1)

0
Momentum conservation equation: ax (pv)+V.(pvv)=-Vp+V.r Eq. (7.2)
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Energy conservation equation: g(pet) +V.(pve,) =V.(AVT)-V.(pv) Eq. (7.3)
0

~ (P +V(pYiv) = =V(pYivy;) + S Eq. (7.4)
Si=aM,; Eq. (7.5)

where, p = density, v = velocity, p = pressure, zeff = Viscous shear tensor, et = internal energy, 4
= thermal conductivity, and T = temperature of the test fluid. & = chemical reaction rate

calculated by detailed pyrolytic reactions, and Mw, = molecular weight of individual species.

Various models, such as the k-¢ model, renormalization-group (RNG) k-¢ model, and
shear-stress transport (SST) k- models, are commonly used to incorporate the extent of flow
turbulence in solving the fuel flow characteristics. Zhu et al. (2014) have studied a comparison
among the standard k-¢ model, RNG k-¢ model, and SST k-co models for solving the fuel flow
characteristics under supercritical pressure. Among the models, the SST k- model showed a
good agreement between the model predicted and experimental value of wall temperatures.
Hence, in the present work, the SST k-c turbulence model equations (Eg. 7.6 and Eq. 7.7) were
selected and included in the fluent solver to predict viscous flow behavior in the boundary layers
for simulating the low-Reynolds number turbulent flows and to find heat transfer characteristics
[Wilcox (2008), Wang et al. (2023)]. To predict the product species distribution, a simplified

global kinetic model was defined in the fluent solver in the work.

%(pk)JrV.(pkU) —V[(u+ Eyvig 6, -, 4, Eq. (7.6)

k

g(pa)) +V.(powv) = V.[(,u+ai)Va)] +G,-Y, +D, +S, Eq. (7.7)

(2]

where, K is turbulent kinetic energy, Gk is turbulent kinetic energy by the velocity gradient, Go
IS generation term in ©, Yk and Y., are turbulence generation terms by diffusion, D, is orthogonal

divergence term, Sk and S, are species source terms.
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7.2.3. Simulation setup

FLUENT 21 software with the final volume method is used in numerical simulation for
hydrocarbon fuels under a supercritical state. The Simplec algorithm coupled with pressure and
velocity parameters into the FLUENT. The least squares cell method with a second-order
implicit scheme was chosen for spatial discretization. A second-order upwind scheme is used for
turbulent Kinetic energy and turbulent dissipation rate to improve accuracy and robustness in
computation. Global kinetic reaction models are defined with Finite-rate or eddy-dissipation
concepts for the turbulence chemistry interactions to estimate the hydrocarbon product species
distribution. To understand and calibrate the simulation model, ten cases (shown in Table 7.1)
are considered for the numerical analysis. Some relevant properties of the fuels considered for
the present work are given in Table 7.2. In the simulation, constant heat flux is applied as the
thermal boundary condition at the reactor wall to maintain the experimental value of wall
temperature. In each case (case-1 to 10), a separate 2D axisymmetric design with mesh cells
ranging from 2.5x10° to 6x10° quadrilateral elements was constructed in fluent and global
kinetic models representing the fuel were defined in the fluent solver. Since the reactor exit
conditions are above the critical pressure and temperature of the individual fuel, the fluid state
is strongly affected by temperature and pressure in the pseudo-critical region. Hence, transport
and thermodynamic properties must be estimated to incorporate under real gas conditions. In the
work, the Peng-Robinson equation of state is used to estimate fluid density, specific heat, thermal
conductivity, and viscosity for each species. In the simulation, the dimensionless wall distance
(y+), the ratio of friction/shear velocity to kinematic viscosity, was kept at less than 1. The
absolute convergence criterion for all the governing equations was set to less than 10%. To
simulate the cracking behavior of hydrocarbon fuels and predict the product distribution, the

global kinetic models, as shown in Table 7.3, were used in the simulation.
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Table 7.1: Fuels and operating parameters used in numerical simulations

Cases Fuel Tinlet Texit  Pressure Feedrate Length I.D Space-  Heat flux Reference
(°C) (°C) (bar) (g/min) (mm) (mm) time(s) (KW/m?)
Case-1  N-dodecane 30 675 37 7.5 700 3 29.7 88 Jiang et al. (2011)
Case-2 n-dodecane 250 670 40 2.25 900 2 56.5 68 Liu et al. (2009)
Case-3 n-dodecane 250 648 40 2.25 900 2 56.5 64 Liu et al. (2009)
Case-4 RP-3 250 651 40 2.25 900 2 56.5 63 Liu et al. (2009)
Case-5 RP-3 250 662 40 2.25 900 2 56.5 64 Liu et al. (2009)
Case-6 n-heptane 30 600 55 24.0 750 2 4.0 302 Konda et al. (2022)
Case-7 n-heptane 30 550 55 24.0 750 2 4.0 282 Konda et al. (2022)
Case-8 MCH 30 700 55 24.0 750 2 4.4 870 Konda et al. (2022)
Case-9 HCF-1 30 680 55 40.0 750 2 2.8 950 Vuchuru et al. (2022)
Case-10 EHF-1 30 710 35 60.0 900 2 2.2 600 Li et al. (2018)
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Table 7.2: Physico-chemical properties of various fuels

Properties n-heptane MCH n-dodecane RP-3" HCF-1"  EHF-1"
Density (kg/m?®) 674 761 750 796 800 791
Average boiling point (°C) 98.4 101 213 186 187 204
Paraffin (vol.%) >99.8 - >099.8 76.2 48.4 46.5
Naphthene (vol.%), - >095 - 15.2 42.9 52.9
Aromatic (vol.%), - - - 8.5 8.7 0.6
Critical temperature (°C) 267 1 299+ 1 385+1 373+1 37181 389+1
Critical pressure (bar) 27+ 0.5 34+05 18+0.5 24+ 0.5 23105 21+05

*Liu et al (2009), **Vuchuru et al. (2022), *** Li et al. (2018)
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Table 7.3: Kinetic parameters used in simulation studies

Fuel Proposed reaction scheme Pre-exponential  E,, kd/mol Reference
factor, 1/s

Ci2Hz — 0.034 H, + 0.237 CH4 + 0.394 C,H4 + 0.360 CoHs 2.466 x10™ 225.8 Zhang et al. (2018)

+0.286 C3Hg + 0.229 C3Hs + 0.082 C4Hs + 0.043 C4Hyo +

0.156 CgH1s + 0.850 CgHis + 0.019 CoH12

CgHis — 0.058 Hz + 0.530 CH4+ 0.755 C,H4 + 0.546 CoHs 7.385 x10™ 209.6
n-dodecane + 0.552 C3sHg + 0.286 C3Hg + 0.155 C4Hg + 0.067 C4Hyo +

0.163 CoH12

CsHis — 0.045 Hz + 0.413 CH4 + 0.622 CoH4 + 0.429 CoHs 2.631 x10™ 217.8

+0.433 C3Hg + 0.226 C3Hg + 0.146 C4Hs + 0.053 C4H1o +

0.204 CyH1, + 0.061 C7Hg + 0.064 C/H1»

C/His — 0.36 Ho+ 0.75 CHs+ 0.46 CoHg + 0.25 C3Hg + 7.1 x10%? 219 Chakraborty et al.
n-heptane 0.24 C4H10+ 0.51 CoH4 + 0.29CsHg + 0.18 C4Hg + 0.05 CgH12 (2009), Konda et al.

+0.05 CgH14 + 0.02 C7Hg (2022)
RP-3, EHF-1, Ci2Hz3 — 0.16 Ho+ CHs+ 0.58 C;Hg + 0.43 CoHa+ 0.42 2.1 x10%° 263.6 Hou et al. (2013)
HCF-1 CsHg + 0.28 CsHg + 0.25 CsHg + 0.84 C7Hs

C/His — 0.47 Hz+ 0.64 CHs+ 0.38 CoHg + 0.2 CsHg + 0.18 2 x10% 213 Konda et al. (2022),
MCH CsHio+ 0.34 CoHa + 0.25C3He + 0.13 CsHg + 0.01 CeH1a + Kamal et al. (1997)

0.01 C/H36+ 0.02 C7Hg
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7.2.4. Experimental details for validation of simulation results

Thermal cracking studies of n-heptane (n-C7H16) were conducted in an electrically heated
tubular reactor setup. A schematic of the experimental setup is shown in Fig. 7.3. The
experimental setup and procedure details are given in Chapter-3. A multi-channel gas
chromatography coupled with TCD detectors was used to find the composition of cracked-gas
products. The composition of feed and liquid products was obtained using a GC analyzer fitted
with an HP-5 column and FID detector. The concentration of CO- in the flue gas was measured

using a non-dispersive infrared CO; analyzer.

Gaseous
product

[
ouT D
NN
’ "I GLs

. Temperature indicators
' T, T, T, Ts Tg
" !

B L3 'y

Tubular Reactor

W
Direct heating
FT device l
Liquid
product
N, Cylinder

Fig. 7.3: Schematic of experimental setup used in present work.

7.3. Results and Discussion
7.3.1. Numerical analysis

The CFD simulation was performed to obtain the flow behavior, temperature, and product
distribution along the length of the reactor tubes. To develop a coke model, the required
distributions of coke-forming precursors across the length of the reactor are obtained from the
CFD simulation. The work simulated ten cases (as mentioned in Table 7.1) to examine the
temperature and product distribution patterns for different fuels and operating conditions. A
representative case (Case-3 in Table 7.1) of the simulation studies is demonstrated below.
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Fig. 7.4. shows the variation in thermo-physical properties of n-dodecane along the length
of the reactor. The conditions used for the simulation are fluid inlet temperature 250 °C, reactor
pressure 40 bar, n-dodecane mass flowrate 2.25 g/min, space-time 57 s, and input heat flux 68.1
kKW/m2. The SST k-6 turbulence model is used in the CFD simulation. Fig 7.4a shows the
variation in wall and fluid temperatures along the reactor length. It is noted that the fuel
temperature is about 20 to 30 °C less than the corresponding wall temperature. The results (Fig.
7.4b-e) show that the fluid density, viscosity, thermal conductivity, and heat capacity are greatly
influenced near the pseudo-critical temperature. The pseudo-critical temperature is a temperature
at which the specific heat capacity becomes maximum at a given pressure. In most scenarios, the
reactor inlet temperature is lower than the pseudo-critical temperature of a fuel. When a fuel
reaches nearer to its pseudo-critical temperature on absorbing heat, the thermo-physical properties
undergo extreme variations. The decrease in viscosity can enhance heat transfer due to the
decreasing effect of viscous boundary layer thickness. A sharp increase in the specific heat
capacity of the fluid improves the convective heat transfer. The plots show an increasing trend in
fluid thermal conductivity above 400 °C and a ratio of x/D greater than 100 (where ‘X’ is the
distance from the leading edge and D is the inner diameter). The possible reason could be the
onset of cracking of the fuel to smaller hydrocarbons (e.g., C1 to Cs). The smaller hydrocarbons

possess higher thermal conductivities and viscosities beyond 400 °C and 40 bar.
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Fig. 7.5 shows the variation in mole fraction composition of lighter hydrocarbons and
some critical species formed from the cracking of n-dodecane along the length of the reactor at
40 bar pressure and for a fuel exit temperature of 650 °C. The thermal cracking reaction generally
follows a free radical mechanism. Fig. 7.5a shows the concentration profile of lighter alkanes (Co,
Cs, and C4) with reactor length. Lighter alkanes are formed due to the cracking of larger alkyl
radicals, followed by a bimolecular hydrogen abstraction reaction. The profile shows that the
cracking reaction starts above 400 °C for the n-dodecane and the extent of cracking increases with
reactor length or wall temperature. Beyond a temperature of about 600 °C, the minor variation in
concentration profiles indicates the possibilities of secondary cracking reactions. Fig. 7.5b shows
the variation in olefin (ethylene, propylene, and butene) concentration with reactor length. B-
scission is the main mechanism for olefin formation from alkyl radicals. Dehydrogenation of
alkane can be the other route for olefin production. The dominance of low molecular weight
olefins (i.e., C2 and Ca) in the product indicates the possibilities of dehydrogenation reaction at
higher temperatures. A representative scenario of the concentration profile of a few cycloalkanes
and aromatics is shown in Fig. 7.5c. At a temperature range between 550 °C to 650 °C, several
secondary reactions, such as secondary cracking (i.e., breaking of the primary cracking products),
dehydrogenation, dehydro-cyclization, a combination of alkenes, etc., reactions can occur. The
dehydro-cyclization reaction of alkane or alkenes can lead to cycloalkenes and aromatic
hydrocarbons in the liquid products. Hence, the concentration of cyclooctene initially increased
with reactor length. However, at higher temperatures (or higher length because of temperature
increase with length) or with longer residence time, the cycloalkanes/cycloalkanes can further
crack to form lighter hydrocarbons, resulting in a reduction in cyclooctene (a cycloalkene)
concentration along the reactor length. The cyclooctene can undergo dehydrogenation reactions
to form aromatic hydrocarbons, which can further undergo condensation reactions, leading to the
formation of polyaromatic hydrocarbons (PAHSs). The probable mechanisms of thermal cracking
reactions are detailed in previous works (Konda et al. (2022), Vuchuru et al. (2022)). Fig 7.5d
depicts the variation in n-dodecane (feed) concentration with reactor length. As obvious, the
concentration of n-dodecane decreased with reactor length and above 400 °C due to the cracking
of feed.
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Fig. 7.5: Variation of various components along reactor length obtained from numerical

simulation a) Hz and lighter paraffins, b) lighter olefins, ¢) cyclo-compounds, d) n-dodecane

The temperature profile of the ten different cases mentioned in Table 7.1 is shown in Fig 7.6. The

variation of different components along the reactor length are tabulated in Table 7.4.
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Table:7.4: Variation in composition of various species along the reactor length for nine different cases.

Chapter 7

Cases Reactor H: C: C2 Cs Cs Coo Cs™ Cy C7Hs C7H12 Ce™ | CoHiz | feed
length (m)

0.1 0 0 0 0 0 0 0 0 0 0 0 0 1
0.2 0 0 0 0 0 0 0 0 0 0 0 0 1
0.3 0 0 0 0 0 0 0 0 0 0 0 0 1

Case-1 0.4 0.081 0.098 0.049 0.049 0.007 0.082 0.053 0.009 0.009 0.005 | 0.001 | 0.048 | 0.509
0.5 0.111 0.128 0.062 0.079 0.014 0.104 0.084 0.017 0.011 0.053 | 0.046 | 0.048 | 0.243
0.6 0.111 0.158 0.104 0.098 0.024 0.173 0.103 0.029 0.013 0.014 | 0.006 | 0.049 | 0.118
0.7 0.113 0.155 0.104 0.096 0.024 0.173 0.1 0.028 0.013 0.014 | 0.007 | 0.052 | 0.122
0.1 0 0 0 0 0 0 0 0 0 0 0 0 1
0.2 0 0 0 0 0 0 0 0 0 0 0 0 1
0.3 0.053 0.118 0.057 0.032 0.009 0.071 0.023 0.018 0 0.005 0 0 0.612
0.4 0.062 0.155 0.066 0.038 0.011 0.081 0.031 0.021 0.006 0.006 | 0.035 0 0.482

Case-2 0.5 0.056 0.168 0.076 0.046 0.013 0.085 0.026 0.020 0.010 0.006 | 0.071 | 0.015 | 0.404
0.6 0.105 0.171 0.106 0.062 0.019 0.125 0.063 0.035 0.011 0.012 | 0.080 | 0.029 | 0.176
0.7 0.107 0.186 0.111 0.065 0.02 0.159 0.069 0.036 0.011 0.012 | 0.028 | 0.031 | 0.161
0.8 0.11 0.190 0.115 0.068 0.02 0.164 0.071 0.037 0.011 0.012 | 0.008 | 0.031 | 0.158
0.9 0.129 0.197 0.109 0.064 0.019 0.164 0.093 0.043 0.011 0.013 | 0.001 | 0.031 | 0.122
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Cases | Reactor length (m) H> Cs C Cs Cy Cs Cs CsHs feed
0.1 0 0 0 0 0 0 0 0 1
0.2 0 0 0 0 0 0 0 0 1
0.3 0.006 0.039 0.02 0.01 0.021 0.012 0 0.028 0.865
0.4 0.01 0.062 0.034 0.017 0.032 0.022 0.002 0.05 0.772

Case-4 0.5 0.012 0.078 0.044 0.021 0.039 0.029 0.003 0.064 0.710
0.6 0.013 0.087 0.048 0.024 0.043 0.032 0 0.065 0.688
0.7 0.014 0.091 0.051 0.025 0.044 0.034 0 0.068 0.673
0.8 0.016 0.097 0.054 0.027 0.047 0.037 0 0.07 0.653
0.9 0.016 0.103 0.058 0.028 0.05 0.039 0 0.071 0.635
0.1 0 0 0 0 0 0 0 0 1
0.2 0.003 0.021 0.015 0.006 0.018 0.008 0 0.019 0.911
0.3 0.009 0.065 0.039 0.02 0.036 0.026 0.004 0.056 0.745
04 0.015 0.106 0.061 0.03 0.052 0.044 0.009 0.087 0.596

Case-5 0.5 0.018 0.128 0.072 0.036 0.061 0.053 0 0.104 0.528
0.6 0.019 0.136 0.076 0.038 0.064 0.056 0 0.112 0.499
0.7 0.02 0.139 0.078 0.039 0.065 0.057 0 0.114 0.488
0.8 0.02 0.143 0.08 0.04 0.067 0.059 0 0.118 0.473
0.9 0.021 0.146 0.083 0.041 0.069 0.061 0 0.121 0.459
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Reactor length (m) H Cs C, Cs Cs Cy Cs Cs C7Hs CeHio | CeHia feed
0.1 0 0 0 0 0 0 0 0 0 0 0 1
0.2 0 0 0 0 0 0 0 0 0 0 0 1
0.3 0.033| 0.26 | 0.017| 0.009| 0.009 | 0.019| 0.012 0.009 0.006 | 0.006 | 0.054 0.566
0.4 0.033| 0.27 | 0.018| 0.009| 0.009 | 0.019| 0.013 0.01 0.006 0.006 0.055 0.558
Case 6 0.5 0.034| 0.27 | 0.018| 0.009| 0.009 | 0.019| 0.013 0.01 0.006 0.006 0.056 0.552
0.6 0.035| 0.273| 0.019| 0.01 | 0.001 | 0.02 | 0.013 0.01 0.006 | 0.007 | 0.056 0.543
0.7 0.035| 0.274| 0.018| 0.01 | 0.001 | 0.02 | 0.013 0.01 0.006 | 0.007 | 0.056 0.543
0.75 0.034| 0.272| 0.018| 0.009| 0.009 | 0.02 | 0.013 0.01 0.006 | 0.007 | 0.056 0.546
0.1 0 0 0 0 0 0 0 0 0 0 0 1
0.2 0 0 0 0 0 0 0 0 0 0 0 1
0.3 0.028 | 0.207| 0.015| 0.01 | 0.007 | 0.017| 0.009 0.0063 0.004 | 0.0048 | 0.044 0.648
0.4 0.028 | 0.212| 0.016| 0.01 | 0.0071| 0.017| 0.0096| 0.0065 | 0.0042| 0.0049 | 0.045 0.639
Case-t 0.5 0.029| 0.215| 0.016| 0.01 | 0.0073| 0.017| 0.0098| 0.0066 | 0.0043| 0.005 | 0.046 0.634
0.6 0.03 | 0.22 | 0.017| 0.01 | 0.0075| 0.018| 0.0101| 0.0068 | 0.0043| 0.0051 | 0.0467 | 0.625
0.7 0.03 | 0.22 | 0.016| 0.01 | 0.0075| 0.018| 0.0101| 0.0068 | 0.0043| 0.0051 | 0.0467 | 0.625
0.75 0.03 | 0.22 | 0.016| 0.01 | 0.0074| 0.018| 0.01 0.0068 | 0.0043| 0.0051| 0.0467 | 0.627
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Reactor length (m) H C, C Cs Cs Cy Cs Cs feed
0.1 0 0 0 0 0 0 0 0 1
0.2 0 0 0 0 0 0 0 0 1
0.3 0.027 0.187 0.013 0.008 0.006 0.0146 | 0.0084 | 0.0053 0.731
0.4 0.026 0.192 0.0137 0.009 0.0061 0.0147 0.0086 0.0055 0.724
Case 8 0.5 0.027 0.195 0.0139 0.093 0.0063 0.0142 0.0088 0.0055 0.636
0.6 0.028 0.2 0.0145 0.095 0.0065 | 0.0158 | 0.0091 | 0.0584 0.573
0.7 0.028 0.2 0.0144 0.095 0.0065 | 0.0166 | 0.0091 | 0.0058 0.625
0.75 0.027 0.207 0.0143 0.094 0.0064 | 0.0167 | 0.0101 | 0.0058 0.618
Reactor length (m) H> C: C, Cs Cy Cs Co C/Hs feed
0.1 0 0 0 0 0 0 0 0 1
0.2 0 0 0 0 0 0 0 0 1
0.3 0 0 0 0 0 0 0 0 0.99
04 0.091 0.102 0.047 0.031 0.088 0.021 0.0284 0.012 0.432
Case-9 0.5 0.125 0.168 0.076 0.049 0.108 0.049 0.043 0.072 0.234
0.6 0.151 0.206 0.09 0.0596 0.117 0.065 0.0488 0.101 0.131
0.7 0.176 0.220 0.092 0.0631 0.119 0.072 0.0455 0.112 0.101
0.75 0.176 0.22 0.091 0.0629 0.1193 0.071 0.0459 0.112 0.101
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Reactor length (m) H> Cs C, Cs Cr Cs Cs CiHs feed
0.1 0 0 0 0 0 0 0 0 1
0.2 0 0 0 0 0 0 0 0 1
0.3 0.011 0.031 0.0087 0.0111 0.069 0.0303 0.004 0 0.697
0.4 0.082 0.104 0.0418 0.0347 0.104 0.0496 0.003 0.026 0.437
Case-10 0.5 0.155 0.289 0.0857 0.054 0.182 0.062 0.009 0.123 0.040
0.6 0.155 0.295 0.087 0.0503 0.184 0.057 0 0.125 0.047
0.7 0.148 0.328 0.0885 0.0425 0.187 0.052 0 0.136 0.018
0.8 0.15 0.341 0.0862 0.0392 0.183 0.051 0 0.127 0.023
0.9 0.154 0.338 0.0842 0.0382 0.18 0.05 0 0.119 0.037
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Fig. 7.7 shows a variation in the mole fraction composition of ethylene, propylene, toluene,
and n-propyl benzene along the reactor length for different cases, as mentioned in Table 7.1. The
analysis revealed that the concentration profile of the lighter olefins and aromatics is a strong
function of operating temperature, pressure, feed space-time, and feed composition. The
composition of ethylene (C2H4) and propylene (CsHe) is relatively more for the n-dodecane than
the RP-3 fuel for similar values of operating temperature and space-time (e.g., case-3 and case-5
in Fig. 7.7a and 7.7b). The primary reason for the variation could be due to fuel structure rather
than operating conditions. The n-dodecane is straight-chain paraffin, whereas the paraffin content
in RP-3 is about 59 vol%. Generally, the thermal cracking of hydrocarbons follows a free radical
mechanism. According to the free-radical mechanism, hydrocarbon molecule undergoes C-C and
C-H bond cleavage to release hydrogen radical and alkyl radical. The hydrocarbon radicals having
carbon atoms > 5 can undergo an isomerization reaction. The alkyl radicals (normal and
isomerized forms) undergo a unimolecular decomposition reaction to form lower alkyl radicals
and lower olefins. The n-dodecane being straight-chain paraffin, the unimolecular decomposition
reactions dominants to release lower olefins than the RP-3. A higher value of the olefin-to-paraffin
can lead to a better heat sink capacity, but the coke-forming tendency also increases. Liu et al.
(2013) also reported a similar phenomenon for n-decane and RP-3 fuels. The olefin concentration
for the n-heptane (case-6 and case-7) fuel is significantly lower than n-dodecane (case-2), which
may be due to several reasons, such as the difference in operating temperature, pressure, and
space-time, in addition to the carbon chain length. For a particular temperature and pressure, the
impact of the residence-time (equivalent to space-time) on olefin composition can be two ways.
Higher residence time can lead to more olefin formation due to enhanced cracking. Again, a longer
residence time may reduce the olefin yield due to bi-molecular hydrogenation reactions. Hence,
the ultimate impact can be the resultant effect of the two phenomena. Fig. 7.7c shows that the
concentration of toluene is significantly higher for kerosene-based fuels like RP-3, HCF-1, and
EHF-1 (i.e., case-4, case-5, case-9, and case-10) than n-dodecane (case-1 to case-3), which is due
to the higher weightage of the toluene product in the cracking scheme of the kerosene-based fuels,
as reported by Hou et al. (2013) in Table 7.3. The higher weightage may be due to the possible

dehydrogenation reaction of feed containing methylcyclohexane and freshly formed (as a result
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of cracking) cycloalkanes to toluene. Fig. 7.7d shows the concentration profile of n-propyl
benzene for n-dodecane cracking. The higher concentration of n-propyl benzene for case-1 is due
to the higher (nearly 3.3 times) mass flow rate of n-dodecane than the other two cases. Between
case-2 and case-3, the exit temperature is slightly higher for case-2, resulting in a higher

concentration of n-propyl benzene, possibly due to the enhanced rate of aromatization reaction.
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Fig. 7.7: Concentration profile of a) ethylene, b) propylene, ¢) toluene d) n-propyl benzene for

different cases (shown in Table 7.1) for different hydrocarbons.
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7.3.2. Analysis of experimental results for n-heptane cracking
7.3.2.1. Effect of temperature on cracking percentage, coke, and product distribution

The cracking study was performed at a temperature range between 550 °C to 650 °C under
40 bar reactor pressure in a tubular flow reactor, as described in the experimental section. The
feed flow rate was maintained at 14 + 0.1 g/min in all cases. Eq. 7.8 was used to estimate the n-
heptane cracking percentage at experimental temperatures. To find the mass flow rate of liquid
products above the n-heptane boiling point, the ASTM D86 distillation curves, as shown in Fig.
7.8a, were used in the work. The cracking percentage of n-heptane at different temperatures under
40 bar pressure is presented in Fig. 7.8b. The cracking percentage of n-heptane increased almost
linearly with temperature, and the fuel cracking percentage improved by about 12% with the
increase in temperature from 600 °C to 650 °C.

n - heptane cracking percentage (wt.%)=

1. mass flow rate of liquid product (> feed boiling point) %100 Eqg. (7.8)
mass flow rate of n-heptane
105
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Fig. 7.8: Effect of temperature on a) ASTM D86 distillation characteristics of cracked products,

b) n-heptane cracking percentage.
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To estimate the coke deposition rate on the reactor surface, the reactor was flushed with
nitrogen gas to remove the hydrocarbon from the reactor line after the cracking experiment. Then
the reactor temperature was raised to about 700 °C in the presence of O, flow to convert the
deposited carbonaceous materials into CO2. The CO2-containing gas stream was passed through
a gas flow meter followed by a non-dispersive infrared analyzer to measure the CO> concentration
in the exit gas. Eq. 3.3 was used to estimate the amount of reactor coke.

The coke deposition rate at four different temperatures is shown in Fig. 7.9a. Though the
cracking percentage increased almost linearly, the coke deposition rate increased exponentially
with reactor temperature. The increased rate of coke formation at higher temperatures may be due
to either a secondary cracking reaction at higher temperatures or an enhanced polymerization
reaction rate (Li et al. (2022), Chen et al. (2007)). Fig. 7.9b shows the distribution of cracked gas
components with reactor temperature. The figure shows an increase in hydrogen (Hz), methane
(CHa), ethylene (C2H4), and propylene (CsHe) concentrations with temperature due to the
enhanced rate of cracking reaction and B-scission of C-C bonds. The marginal decrease in ethane
and propane species in the cracked gas with temperature may be due to the dehydrogenation
reaction of ethane and propane molecules. No significant change is noted for the C4 hydrocarbons.
The analysis further reveals that the olefin-to-paraffin ratio marginally increased from 0.76 to 0.97
as the reactor temperature increased from 600 °C to 650 °C (Fig. 7.9c). The marginal increase in
the olefin-to-paraffin ratio may be due to enhanced rate dehydrogenation reactions of lighter
alkanes. Fig. 7.9d shows the GC analysis results of liquid products obtained at 600, 630, and 650
°C temperatures. Though we performed GC analysis for the 550 °C product sample, the results
are not included in the figure because the feed (i.e., n-heptane) concentration is more than 99.5%,
and the contribution of any individual components is less than 0.2 %. The result shows an
increasing trend in Cs and Ce hydrocarbon concentration with the increase in reactor temperature
from 600 °C to 650 °C. The increase in lighter components (< C7) in the liquid products is in
accordance with the fuel cracking percentage results. It is also noted that dehydro-cyclization
reaction that leads to the formation of naphthenic and aromatic (e.g., toluene) compounds occurs

mostly above 600 °C.
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Fig. 7.9: Effect of temperature on a) coke deposition rate, b) components distribution in
gaseous products, c) olefin-to-paraffin ratio, d) components distribution in liquid products.

7.3.2.2. Heat sink capacities of n-heptane

Thermal cracking reactions are heat-absorbing endothermic reactions, and the amount of
heat sink or heat absorption depends on the extent of the endothermic cracking reactions. Before
starting the cracking reaction, the fuel absorbs heat to increase its sensible temperature, and the
heat sink is generally referred to ‘sensible’ or ‘physical’ heat sink. Once the cracking reaction
starts, the heat sink includes physical and chemical heat sinks. The amount of endothermicity

depends on various factors, such as operating temperature and pressure conditions, fuel flow rate,
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fuel composition, and extent of cracking. Eq. 4.11 and 4.12 are used for calculating the total heat
sink and Eq. 4.14 is used for estimating the endothermic sink capabilities of h-heptane.

The energy loss due to heat transfer to the surroundings was estimated by performing dry
heating experiments under 40 bar pressure at different temperatures with an airflow rate of 100
mL/min. The variation in energy loss quantity at different temperatures is shown in Fig. 7.10a.
The energy loss quantity was subtracted from the total input energy in estimating the total heat
sink by the fuel. The enthalpy of fluid at the reactor inlet and exit conditions were obtained from
the NIST database. Fig. 7.10b shows the variation in total heat sink and chemical heat sink
capacity of n-heptane at different temperatures. The higher value of heat sinks at 650 °C could be
due to increased cyclohexane and toluene concentration in the cracked products.
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Fig. 7.10: Effect of temperature on a) energy loss, b) heat sink capacity of n-heptane.

The simulation results of the temperature profile and variation of different major species along

the reactor length for n-heptane at 600 °C and 40 bar are shown in Fig. 7.11.
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Fig. 7.11: Variation in a) reactor temperature, b) Hz and lighter paraffins, c) lighter olefins, d)

major components in liquid fractions, along reactor length.

7.3.3. Development of predictive coke model and its validation

In the work, a coke model is developed to predict the coke deposition rate for a thermal
cracking process. From literature data and our experimental evidence, it is clear that the coke
deposition rate depends on factors like operating parameters, feed characteristics, reactor
dimension, orientation of reactor, and method of analysis. In developing the coke model, the
critical variables, such as the feed property, operating parameters, and concentration of coke
precursors, are included in the model as presented in Eq. 7.9. The temperature, pressure, and
residence time parameters value are varied in the range of 550-710 °C, 35-55 bar, and 1.1-41 s,
respectively. The density of fuels varied between 678 kg/m® to 800 kg/m?®. In developing the coke

model, ethylene, propylene, and aromatics mole fraction are considered the major coke precursors.
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While most researchers have used a horizontal reactor for cracking studies, Liu et al. (2009) used
a vertical reactor for coke deposition studies. It is noted that the coke deposition rate on the reactor
surface for vertical arrangement is significantly (nearly 30-40%) lower than a horizontal
arrangement under a similar operating condition. The majority of literature data on coke
deposition rate are related to the reactor surface coke, while Konda et al. (2022) and Vuchuru et
al. (2022) reported the total coke (a combination of surface deposition coke and carry-away coke).
The experimental evidence shows that the contribution of surface coke may be about 20% to 30
% of the total coke amount under similar conditions depending on operating temperature. Hence,
developing a ‘Coke predictive model’ from the literature data is challenging. The experimental
data mentioned in Table 7.5 was used to form a set of linear equations (Eq 7.10). A matrix method
was adopted to solve the algebraic equations for estimating the coefficient values.

C=aTl+aP +ap+at+alC, +ta,C; ta,A4 Eqg. (7.9)

where, C = coke deposition rate in mg/min, T = temperature in °C, P = pressure in bar, p = density
of fuel in kg/m?®, t = residence time in second, C,™ = ethylene mol. fraction, Cs= = propylene mol.

fraction, A = aromatic mol. fraction, and a; (i =1,2,3...) are the constant coefficients of different

variables.

TRt o C)EChA ] Ja]l [C]
S R B B T
To Po b po Cw Cw A | & ] [Cu |

The estimated value of the constant coefficients are a,=9x10°(mg/°C.min),
a,= 2.2x10%(mg /bar.min), a,= -9x10°(mg / s.min) , a,= 9x10°(mg.m*® /(min kg)),

a,= 5.59(mg/min), a,=-13.32(mg/min), anda,= 2.75(mg/min) .
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Therefore, the obtained form of the coke deposition model after substituting the constant

coefficients is as follows (Eq. 7.11).

C = 9x10°T + 2.2x10%P - 9x10°p + 9x10°t + 5.59C; - 13.3C; + 2.75A Eq.(7.11)
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Table 7.5: Fuels and parameters used in developing coke model

Fuel T P D t Co” Cs™ A Coke Reference
(°C) (bar)  (kg/m?) (s) (i) (i) (yi)  (mg/min)
n-dodecane 675 37 750 14.4 0.173 0.100 0.013 0.33 Jiang et al. (2011)
n-dodecane 670 40 750 40.3 0.164 0.093 0.011 0.60 Liu et al. (2009)
n-dodecane 648 40 750 40.9 0.133 0.085 0.010 0.41 Liu et al. (2009)
RP-3 651 40 796 409  0.050 0.039 0.071 0.24 Liu et al. (2009)
RP-3 662 40 796 40.5 0.069 0.060 0.121 0.34 Liu et al. (2009)
n-heptane 600 55 678 2.10 0.020 0.013 0.006 0.67 Konda et al. (2022)
n-heptane 550 55 678 220 0.018 0.010 0.004 0.42 Konda et al. (2022)
MCH 700 55 761 2.10 0.017 0.010 0.004 1.15 Konda et al. (2022)
HCF-1 680 55 800 1.40 0.12 0.07 0.11 0.62 Vuchuru et al. (2002)
EHF-1 710 35 791 1.10 0.18 0.05 0.12 1.13 Li et al. (2018)
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7.3.3.1. Validation of coke model

To validate the developed coke model, a Pareto plot of the experimentally obtained coke
deposition rate (Cexpt.) from literature data and the model-predicted coke deposition rate (Cpred.) IS
plotted as shown in Fig. 7.12a. The plot shows that the model-predicted coke deposition rates are
in good agreement with the experimentally measured coke deposition rates (the R? value of linear
fitting is 0.94). The developed Coke model was also validated with literature results which are not
considered for estimating the values of the constant coefficient of the model parameters in the
present work. The model was further tested for the present experimental results for n-heptane. It
is noted that the predicted value of coke deposition rates lies within + 25% of the experimental
rates. Though we have included the density parameter in the present model, the influence of
cycloparaffin and aromatic content in a feed on coking rate cannot be ignored. Previous studies
show that the coking rate of aromatic hydrocarbon is relatively higher than a paraffinic compound
for a similar value of fuel cracking percentage (Konda et al. (2022)). The details of the operating
conditions and coke deposition values are tabulated in Table 7.6. Further, the results of the
predictive coke model are compared with an Arrhenius equation-based coke model (Eq. 7.12), as
reported by Tian et al. (2023) and Liu et al. (2013). Fig. 7.12b shows a comparison of the
predictive coke model (present work) and the Arrhenius equation-based Coke model for five
different cases (cases 2, 3, 4, 5, and 9). The values of different parameters were obtained from the
literature to estimate the coking rate using the Arrhenius equation-based coke model (Liu et al.
(2013)). The plot shows that both models are reasonably good at predicting the coke deposition
rate for the cracking of hydrocarbons. However, the Arrhenius equation-based coke model shows
relatively larger deviation for the RP-3 fuels.

B _E
r.=k,e "™ e” C"+k,e " C; Eq. (7.12)

where, r¢ is coke formation rate, ke and kio, are pre-exponential factor, E; and E> are activation

energy, n and m are order of coke growth reactions, C, is olefin concentration, Ca is aromatic

concentration, and y is decay constant for catalytic coke activity.
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present predictive model and Arrhenius equation-based coke model.
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Table 7.6: Validation of Coke model with experimental results

Fuel Texit Pressure  Density  Residence Co” Cs™ A Cexpt. Chred. References

(°C) (bar) (kg/m?) time (s) (yi) (yi) (yi) (mg/min)  (mg/min)
n-dodecane 675 37 750 14.4 0.173 0.100 0.013 0.33 0.39 Jiang et al. (2011)
n-dodecane 670 40 750 40.3 0.164 0.093 0.011 0.60 0.61 Liu et al. (2009)
n-dodecane 648 40 750 40.9 0.133 0.085 0.010 0.41 0.34 Liu et al. (2009)
RP-3 651 40 796 40.9 0.050 0.039 0.071 0.24 0.28 Liu et al. (2009)
RP-3 662 40 796 40.5 0.069 0.060 0.121 0.34 0.35 Liu et al. (2009)
n-heptane 600 55 678 2.10 0.020 0.013 0.006 0.67 0.82 Konda et al. (2022)
n-heptane 550 55 678 2.20 0.018 0.010 0.004 0.42 0.38 Konda et al. (2022)
MCH 700 55 761 2.10 0.017 0.010 0.004 1.15 1.05 Konda et al. (2022)
HCF-1 680 55 800 1.40 0.120 0.070 0.110 0.62 0.58 Vuchuru et al. (2022)
EHF-1 710 35 791 1.10 0.180 0.050 0.120 1.13 1.13 Lietal. (2018)
RP-3 700 40 791 15 0.150 0.053 0.110 0.74 0.92 Wang et al. (2022)
n-heptane 600 41 678 9.8 0.020 0.050 0.002 0.06 0.08 Xie et al. (2008)
cyclohexane 600 42 774 9.8 0.015 0.008 0.130 0.16 0.14 Xie et al. (2008)
HCF-1 650 55 800 1.4 0.101 0.040 0.092 0.44 0.54 Vuchuru et al. (2022)
MCH 650 55 761 2.2 0.016 0.009 0.010 0.66 0.60 Konda et al. (2022)
n-heptane 600 40 678 3.6 0.122 0.043 0.000 0.34 0.42 Present work
n-heptane 650 40 678 35 0.150 0.058 0.006 0.59 0.71 Present work
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7.4. Conclusion

Coke deposition characteristics of hydrocarbons are investigated using a flow reactor under
supercritical temperature and pressure conditions. The CFD analysis was performed to
understand the variations in thermophysical properties, such as density, specific heat, viscosity,
and thermal conductivity of different hydrocarbon fuels. Numerical simulation was performed
to generate the concentration profiles of coking precursors like light olefins and aromatics along
the length of the reactor. Product species distribution from thermal cracking reaction and
transport properties were estimated using the shear stress transport k-o turbulence model.
Further, a coke prediction model is developed using the simulation results of coke precursors
and fuel properties under different temperature and pressure conditions. In most cases, literature-
reported coke data and operating conditions are used to develop the predictive coke model.
Furthermore, the predictive Coke model is validated with experimental results for different
hydrocarbons and a wide range of operating conditions. It is noted that the predicted coke lies
within £ 25% of the experimental coke for a temperature range of 550 °C to 700 °C and a pressure
range of 35 bar to 55 bar. Further, to verify the suitability of the developed model, thermal
cracking of n-heptane was performed experimentally using a flow reactor for a temperature range
of 550 to 650 °C under 40 bar pressure. It has been found that the coke deposition rate increased
almost exponentially with reactor temperature. At 650 °C and 40 bar pressure, the experimental
value of the coke deposition rate is about 0.6 mg/min vis-a-vis the model-predicted coking rate
is 0.7 mg/min. Therefore, the developed Coke model agrees well with the experimental findings.
The cracking percentage of n-heptane at 650 °C under 40 bar pressure is 26.8%. The present
investigation would be useful in obtaining a quick estimation of the coking rate for the thermal

cracking of hydrocarbon fuels under supercritical conditions.

The outcome of Chapter 7 bridges the following objective mentioned in Chapter 1.
¢ Understanding the influence of coke precursors and operating conditions on coke deposition

rate.
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Summary and Conclusions of Present Research



Summary and Conclusions of Present Research

8.1. Summary and Conclusions

Supersonic vehicles above Mach-3 speeds encompass heavy thermal loads on their
engine structure due to the exothermic combustion of onboard fuel. The magnitude of heat loads
can’t be compensated by the sensible heat of the fuel alone. Fuel needs to undergo endothermic
cracking reactions in order to meet the cooling requirements. In the present work, the thermal
cracking characteristics of hydrocarbon fuels were investigated to examine various aspects, such
as cracking percentage, heat sink possibility, and coke deposition rate, of the fuels under
supercritical conditions. In this regard, the selection of an appropriate test setup and operating
parameters to perform laboratory experiments that closely resemble an actual scenario is
challenging. The selection of methodology/techniques in calculating cracking parameters like
cracking percentage, coke deposition rate, and heat sinks, is the other crucial aspect of this
research. Though a good number of investigations have been reported by researchers on the
cracking behavior of various fuels, the primary emphasis was on improving the fuel conversion
and heat sinks. The information on coke deposition and chemical heat sink aspects of
hydrocarbon fuels is inadequate in the literature. As the heat sink capability of a fuel depends on
many factors, like type of hydrocarbon fuel, operating temperature, pressure, space velocity, etc.,
the study needs careful consideration of these parameters. Based on the exhaustive literature
review, as mentioned in Chaper-2 of this thesis, the major gaps have been identified and
attempted to address some of them.
In the present research, an appropriate flow reactor was designed and fabricated to conduct
thermal cracking experiments for a wide range of temperature and pressure conditions. The flow
reactor was externally heated by a direct power source. The details of the experimental setup and
procedures adopted are explained in Chapter-3. The methodology/techniques considered in
analyzing cracking conversion, coking rate, heat sink, and endothermicity are also elaborated in
Chapter-3 of this thesis. Firstly, we selected a few single-component hydrocarbons, namely n-
heptane, methylcyclohexane, and toluene, to standardize the experimental and analysis
techniques and also to examine the impact of hydrocarbon structure on the cracking behavior of
hydrocarbons under supercritical conditions. After establishing standard protocols, the cracking

behavior of a multi-component fuel (namely HCF-1) was investigated to find the heat sink
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characteristics of the fuels. We have also examined the efficacy of homogeneous initiators on
the cracking characteristics and endothermicity of hydrocarbon fuels. Further, the kinetics of the
supercritical cracking reactions were examined to find the kinetic rate constant and apparent
activation energy. Furthermore, a coke model was developed, and simulation studies were

performed to predict the coke deposition rate. A summary of the investigation is presented below.

e The cracking of three hydrocarbons with identical carbon numbers was examined to
understand the effect of molecular structure on cracking characteristics under supercritical
environments. A straight-chain alkane namely n-heptane, a cycloalkane namely
methylcyclohexane (MCH), and an aromatic molecule namely toluene, compounds of C7
carbon numbers were chosen for the study. The cracking experiments were conducted at a
temperature range of 500-700 °C and 55 bar pressure to determine the cracking percentage,
coke deposition rate, and heat sinks of the hydrocarbons. The heat loss quantity associated
with thermal cracking experiments by direct heating method is estimated to be about 8-12%
of the total energy input for a particular operating condition. The loss percentage is less for
lower temperatures. At a temperature of 700 °C, the cracking percentage of n-heptane,
MCH, and toluene is 31%, 20%, and 2.5%. In the work, a new methodology is established
for estimating the cracking percentage. The coke deposition rate was estimated considering
both ‘Carry away’ coke and ‘Reactor-containing’ coke. The estimated value of the coke
deposition rate of n-heptane, MCH, and toluene at 700 °C is 19.1, 12.9, and 4.5 mg/min
respectively. The chemical heat sink capacity of n-heptane is 987 kJ/kg, 18% higher than
the MCH at 700 °C and 55 bar pressure. The Kinetic study revealed that the first-order kinetic
model fit well with the experimental results and the rate constant is in the range of 0.05 - 0.6
(1/s) for n-heptane fuel, and 0.01 to 0.3 (1/s) for MCH. The apparent activation energy of
the n-heptane and MCH cracking reaction is about 62 kJ/mol and 93 kJ/mol, respectively.

e A multi-component hydrocarbon fuel (namely HCF-1) of kerosene range with a boiling
range of 168-220 °C is examined. The effects of reactor temperature, pressure, and space-
time on fuel cracking percentage, coke deposition, heat sinks, and product distributions were
studied in detail. The range of various operating parameters considered for the cracking

studies are: temperature 550-680 °C, pressure 25-55 bar, and space-time 2.8 to 8.5 s. The
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fuel cracking percentage, coking deposition, and heat sinks increased with an increase in
reactor temperature. The estimated value of fuel cracking conversion, coke deposition, and
chemical heat sink of the fuel at 680 °C and 55 bar are 10.3 wt.%, 7 mg/min, and 805 kJ/Kkg,
respectively. A decreasing trend in the olefin-to-alkane ratio was noted with the increase in
cracking temperatures and pressures. The increase of space-time from 2.8 s to 8.5 s enhanced
the fuel conversion by 2.4 times, and heat sink by 1.8 times from (634 to 1144 kJ/kg) at 650
°C and 55 bar. The first-order rate constant value lies in the range of 0.01 - 0.15 (1/s), and
the apparent activation energy is about 125 kJ/mol.

e The suitability of homogeneous initiators in improving the cracking characteristics of
hydrocarbon fuel was investigated using a hydrocarbon fuel (namely HCF-2) of boiling
range 172-219 °C. Two initiators, namely triethyl amine (TEA) and di-tert-butyl-peroxide
(DTBP) were chosen to examine the efficacy of the initiators on cracking conversion and
heat sink characteristics of the fuel. The experiments were carried out at a temperature of
650 °C and 55 bar pressure with a fuel flow rate of 50 mL/min. The concentration of
initiators was varied between 0.1 wt.% and 1 wt.% with respect to fuel. The fuel conversion
increased by 8.6% (from 8.1% to 16.7%) and 6.1% (from 8.1% to 14.2%) in the presence of
1 wt.% of TEA and DTBP, respectively. However, for the 0.5 wt.% loadings, the fuel
conversion increased by 4.4% and 2.6% with TEA and DTBP, respectively. The coke
deposition rate increased by about 10% and 19% with 0.5% loading of TEA and DTBP,
respectively. The contribution of alkyl benzenes (C:-Cs alkyl benzenes) was evident in
promoting the coke depositions. The chemical heat sink capacity of the fuel improved by
about 7% (from 586 kJ/kg to 627kJ/kg) and 13% (from 586 kJ/kg to 664 kJ/kg) with 0.5%
loading of TEA and DTBP, respectively. Between the two initiators, the nitrogen-based TEA
initiator showed somewhat better performance in terms of fuel cracking percentage and coke
deposition rate, and the DTBP offered better heat sink capacity. The study also revealed that,
though the initiators are useful in enhancing fuel conversion and endothermicity, a higher

loading of the initiators is not beneficial because of more coke deposition.

e To estimate the coke deposition rate for a thermal cracking process, a Coke predictive model
was developed using numerical simulation. Different properties, such as density, specific
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heat, viscosity, and thermal conductivity, of various hydrocarbon fuels were studied to

understand fluid behavior. The concentration profiles of coke precursors along the length of

the reactor were analyzed. The shear stress transport model (SST k-®) was implemented to

predict the wall temperatures in the analysis. The coke model was developed based on the

coke precursor concentration and fuel properties at different temperatures and pressures.

The developed model was validated with experimental results for various hydrocarbon fuels.

The model predicted coke value showed a good agreement (< 25% deviation) with the

experimental results.

A summary of fuel cracking percentage, coke deposition rate, and heat sinks of the five

hydrocarbons/fuels at different operating conditions is presented in Tables 8.1, 8.2, 8.3, and 8.4

along with the physicochemical properties of the fuels.

Table 8.1: Properties of various hydrocarbon fuels

Parameter n-heptane MCH Toluene HCF-1 HCF-2
Specific gravity at 28 °C 0.67 0.76 0.86 0.79 0.795
Boiling range (°C) 95.8-96.1 98.2-98.8  108-109 168-220 172-219
Average boiling point (°C) 98.4 101 110.6 187 191
Aniline point (°C) 68+1 39+1 <20 66+ 1 68+1
Critical temperature (°C) 267 £1 299+ 1 3181 381.6 379+0.5
Critical pressure (bar) 2731 347+1 41+1 23.2+01 23+0.1
Calorific value (MJ/kg) 469+05 455+03 418+02 457+£02 45%0.2
Paraffin (P) (vol.%) >99.5 - - 54+1 51.1+1
Naphthenes (N) (vol.%) - >09.5 - 361 4041
Aromatic (A) (vol.%) - - >09.5 9.6+0.5 8.3+0.2
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Table 8.2: Cracking percentage, heat sink, and coke deposition for various fuels

Parameter n-heptane MCH Toluene HCF-1 HCF-2
Temperature (°C) 550-650 550-650 550-650 550-680 650
Pressure (bar) 55+1 55+1 55+1 55+1 55+1
Residence time (s) 0.95-1.14 0.95-1.17 0.95-1.14 0.94-1.17 0.97
Cracking percentage (wt.%) 11.4-22.8  4.4-13.5 <15 1.2-10.5 8.1
Total heat sink (kJ/kg) 1527-1857 1434-1718 1387-1664 1170-1824 1632
Chemical heat sink (kJ/kg) 675-822 60-722 - 321-804 586
Coke (mg/min) 4.7-12.2 1.7-7.4 0.92-2.5 1.9-6.98 4.1

Table 8.3: Effect of pressure on conversion, coke deposition, and heat sinks

Temperature (°C) 650 650 650 650
Pressure (bar) 25 35 45 55
Fuel conversion (wt.%) 2.6 4.2 5.8 7.6
Total heat sink (kJ/kg) 1729 1752 1780 1814
Chemical heat sink (kJ/kg) 368 418 487 634
Coke deposition (mg/min) 2 2.56 3.45 4.1

Table 8.4: Effect of initiator loading on cracking percentage, coke, and heat sinks

HCF-2 HCF-2 + TEA HCF-2 + DTBP
Temperature (°C) 650 650 650 650 650 650 650
Pressure (bar) 55 55 55 55 55 55 55
Initiator loading (wt.%) - 0.1% 0.5% 1% 0.1% 05% 1%
Residence time (s) 0.97 097 097 097 | 097 097 0.97
Cracking percentage (wt.%) 8.1 8.9 12.5 16.7 8.3 10.7 14.2
Total heat sink (kJ/kg) 1632 | 1640 1670 1706 | 1643 1705 1723
Chemical heat sink (kJ/kg) 586 593 627 667 596 664 689
Coke deposition (mg/min) 4.1 4.2 4.5 6.4 4.2 4.9 6.8
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From the comprehensive investigation, it can be said that thermal management of
hypersonic vehicles can be achieved by employing hydrocarbon fuels with about 15-30%
cracking percentage. A multi-component fuel may be more desirable than a single-component
fuel because of distributed cracking over a long range of fuel transfer lines. For a single-
component fuel, fuel may crack within a short length of the fuel transfer line and not throughout
the entire passage. The investigation revealed that the cyclic structures showed a greater degree
of thermal stability than a straight-chain hydrocarbon. Kerosene range multi-component fuel
(HCF-1) under a supercritical environment showed sufficient chemical heat sink capability.
Though an initiator is helpful in enhancing the heat sink capability of a fuel, coke formation can
be a critical issue in selecting an appropriate fuel. A suitable coke additive may be useful to
decelerate the coke formation rate during the pyrolysis process. Therefore, the present research
will be helpful in understanding the cracking phenomena under a supercritical environment and

in identifying an appropriate fuel for hypersonic applications.
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The thesis presents the applicability of various hydrocarbon fuels for regenerative cooling in
high-speed supersonic engines. The cracking characteristics of a few hydrocarbon fuels under
supercritical conditions have been examined in detail. The influence of hydrocarbon structure,
operating temperature, and pressure on cracking characteristics, heat sink, and coke formation
rate was examined and presented in tabular or graphical form. The influence of homogeneous
initiators on fuel conversion and heat sink properties of hydrocarbon fuels are also studied in the
work. Considering the impact of this applied research, we feel that in certain areas, a further and
detailed investigation is required. Further investigation could be conducted in the following

direction:

e Pyrolysis characteristics of kerosene/ATF-derived narrow-cut fuels need to be investigated
for their suitability for futuristic high-speed aircraft.

e Kinetic modeling coupled with a coke model needs thorough investigation for the thermal
cracking of hydrocarbon fuels.

e Improvement in the Coke model considering more number of fuel properties.

e Morphological studies of solid deposits/coke produced due to the cracking of hydrocarbons
with various analytical techniques, like XRD, SEM, TEM, etc.

e Studies to reduce coke deposition rate with homogenous coke inhibitors.

¢ Influence of coke inhibitors on the ignition delay characteristics of the cracked product

needs to be examined.
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