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ABSTRACT

Ignition systems within scramjet combustors remain a trending topic of research because
of the essential role they play in the engine’s operation. An alternative to currently researched
ignition systems is investigated in this study with the main goal of utilizing the same liquid fuel
as the main combustion chamber for the ignition system itself. In this case, JetA fuel was injected
in a liquid jet in crossflow configuration with air to atomize the fuel. To characterize this ignition
system, metrics such as combustion chamber pressure rise, pulse frequency, and jet penetration
were used to validate possible utilization within a scramjet combustor. Tests were completed at
different air temperatures ranging from 150°C to 275°C, varying spark plug frequencies, and at
two unique combustion chamber exit diameters. Schlieren imaging was also used to compare
effects of temperature and exit nozzle diameter on jet quality. Results obtained demonstrate a
high pressure rise, reliable ignition, and a fine jet exhaust from the combustion chamber. To
increase pulse frequency a more optimized combustion chamber is required along with a fuel
injection system that would atomize the liquid fuel better than the current system. Following
studies include further testing within a supersonic flow regime to simulate the flow effects
experienced within a scramjet combustion chamber. If results continue to prove useful, the
current technology studied has the ability to innovate supersonic combustion engines by reducing

mass from the flight vehicle and increasing reliability, both critical parameters.
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CHAPTER ONE : INTRODUCTION

Achieving steady state combustion in supersonic and hypersonic engines is much easier
said than done. A key component to reliable combustion and operation for these engines is the
ignition system used to combust the incoming air and fuel mixture. Throughout this study, the
focus is on creating an ignition system that utilizes the same fuel and air as the main combustion
chamber it is being held in. This is especially important because it would increase the efficiency
of hypersonic scramjet vehicles and remove the need for such vehicles to carry separate fuel and
oxidizer solely for the ignition system. Before describing the complexities, difficulties, and
achievements of creating a liquid-air scramjet ignition system, it is necessary to understand the
different ignition systems implemented in the subsonic ramjet combustor and more significantly
the ignition systems withing supersonic combustor ramjets (scramjets).

Ramijets are air-breathing engines without any moving parts. Unlike turbojets that use a
compressor to suction-in atmospheric air to produce thrust, ramjets take in supersonic
atmospheric air and utilize shock effects to have subsonic air inside the combustion chamber.
Ramjets operate from speeds of about Mach 2 to 6, depending on varying conditions, and use
either some sort of rocket or turbojet engine to initially reach those supersonic speeds. Once
those speeds are reached the ramjet engine takes over and provides additional thrust to the
system, by compressing incoming air, and using oblique and normal shocks, the air flowing into
the system reaches subsonic speeds in the combustor [1-2]. Here the fuel is injected, and the
subsonic fuel-air mixture is ignited, initiating the combustion process. There are four distinct
types of ignition systems used in ramjets, these include spark ignition, continuous ignition,
plasma ignition, and laser ignition. Spark ignition is the most common ignition system used in

ramjets but becomes limited at exceedingly high pressures and temperatures. Continuous ignition



systems use a pilot flame to continuously ignite the fuel-air mixture in the combustion chamber,
but this type of ignition system usually leads to incomplete combustion and lower thrust
efficiency, this occurs because of the need for a fuel-rich mixture to keep the pilot flame ignited.
Plasma ignition typically either uses an electrode placed at the front of the combustor, or a
plasma torch to initiate the combustion. This form of ignition is very dependable and efficient
but is limited due to the difficulties of sustaining a plasma-torch under the high speeds and
temperatures inside the ramjet. Finally, laser ignition is a novel ignition method for ramjets and
works by directing a high-energy laser using fiber optic cable positioned inside the combustor, to
ignite the fuel-air mixture, but is limited by the severe operating conditions of the ramjet engine
[3-7]. The ignition systems in ramjets are overall a lot less complicated compared to that of
scramjets, and it is particularly important to investigate the current ignition systems in scramjets

and scramjet research.

Figure 1 : Ramjet Engine [1]

Scramjet engines follow the very same basic principle that turbojet and ramjet engines
follow, having three general areas : compression, combustion, and expansion (from inlet to

outlet). Yet, scramjets have specifically designed geometries to allow for supersonic airflow
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throughout the entire combustion process, unlike the ramjet that has incoming air reach subsonic
levels when entering the combustion chamber. The ability to maintain supersonic speeds within
the engine allows for scramjets to operate efficiently at higher Mach numbers than ramjets.

To properly understand the differences between the varying ignition systems within
scramjet engines, it is necessary to know how each of them work and the benefits and drawbacks
of each. With this knowledge in mind, the outstanding benefits of a working liquid-fueled
ignition system, utilizing the same fuel as the main combustor, become very evident. Some of the
different forms of ignition systems being used and researched within scramjet engines include
plasma assisted ignition, microwave discharge, precombustion aerodynamic blockage, and using
separate fuel for engine initiation to name a few [27-29].

Plasma-assisted is a broad term used to define initiation methods sparked by plasma, this
can result from a plasma torch, laser, or even low energy release tools such as a spark plug.
Using plasma torches in scramjet combustors have been investigated by researchers at Tohoku
University in Japan [8-12]. In this study, the researchers used a configuration of two plasma
torches with different feedstocks, upstream a Ha/N2 plasma jet (PJ) and a downstream PJ with O>
as feedstock. They ran these tests for three different fuels including Hz, CH4, and C2Ha with the
PJs in a straight line in the direction of the supersonic flow, with the fuel injecting normal to the
flow region. In another study conducted by the same group at Tohoku University [13-15], they
combine the plasma torches used in the previous study with a Dielectric Barrier Device (DBD)
used to enhance combustion in the system. The goal of the DBD was to create nonequilibrium
plasma to enhance the combustion, so instead of using two plasma torches like in the previous
study, they could use two Al>O3 electrodes and a sinusoidal voltage input to operate the DBD.

DBD plasma creates several oxygen radicals including O3 radicals which enhance combustion by
3



decreasing ignition delay times for the Ho/Air mixture that was being tested. Enhancement was
also only noted for relatively weak and unstable flames with strong combustion not experiencing
any benefits from DBD addition. The plasma torches described in these studies are depicted
below in figures 2 and 3, although they ignite efficiently, require extensive power consumption
to operate. This causes these systems to not be very efficient if adapted to actual flight
functionalities. A sufficiently large battery would be required to power both the plasma torch and
DBD within a scramjet combustor. Not only that, but if the fuel in the main combustor is not H»
the scramjet engine would need to have separate reservoirs of fuel to operate the plasma torches,

both increasing the weight and size needed to implement this ignition system.

Figure 2 : Picture and Schlieren of twin PJs [8]

setup

V= 8KkV
f=8 kHz

Figure 3 : DBD used in Mach 2 flow [13]



Some other scramjet ignition systems currently being researched include the nanosecond
pulsed electrode ignition system studied by Hyungrok Do, et al at the Stanford University [16-
20] and similarly a Quasi DC multi-electrode discharge method of ignition for gaseous fuel
studied by Russian Academy of Science along with the U.S. Air Force Research Laboratory [21-
26]. In the Stanford studies, they use a jet in crossflow (JIC) configuration for fuel injection of
H> and CoHs and like the DBD producing nonequilibrium plasma, the electrodes in this study
achieve the same thing by pulses at 15kV and a 50kHz pulse frequency with a 20ns width. The
group at Stanford can achieve reduced ignition delays and reliable ignition and cavity flame
holding within their facility. They also ran pure oxygen as oxidizer and were using hydrogen
fuel, although this is very ideal, it is not indicative of actual in-flight conditions. Instead of pure
O, air is used as oxidizer, and Hydrogen would not be feasibly used as a scramjet’s main fuel.
Unlike the previous study where only one pair of electrodes are used to create a nonequilibrium
plasma, in the research conducted by the Russian Academy of Science and the U.S. AFRL,
varying electrodes were used ranging from three, five, and seven with an input voltage of 5kV.
Successful ignition and flame holding were realized for both hydrogen and ethylene fuels and the
effects of the electrical discharge on the Mach 2 flow were that it heated up the gas and possibly
induced separation.

Alternative and less researched, but potentially viable, methods of scramjet ignition
include using under critical microwave discharge and laser-induced plasma for ignition. Igor E.,
et al at the Moscow Radiotechnical Institute [30], have studied the possibility of using an
electromagnetic vibrator to discharge a deeply under critical discharge immersed in supersonic
flow. The fuel-air mixture used in this study is propane and air and has a flow velocity of 200

m/s in the combustion chamber. The microwave discharge leads to a combustion efficiency of
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60% and has a heat release of approximately 1 kW. The microwave discharge initiation method
has a relatively high efficiency and because of this, it proves to be a viable method, the
fundamental issues with this system lie in its complexity and the lack of testing in harsher
conditions that a scramjet engine would experience in-flight. The research completed by Stefan
Brieschenk, et al at the University of Queensland and the University of New South Wales [31-
39], dealing with laser-induced plasma (LIP), was effective in its production of OH radicals. In
their research, they were able to accurately replicate the harsh conditions experienced within a
scramjet engine, and were able to capture combustion products, where they would not be
otherwise. Below in figure 4, the flow field on the compression ramp is shown with a Schlieren
image and overlayed with flow features. The LIP ignition method was able to show that
combustion is possible at the hypersonic in-flight conditions when the laser is pulsed at

frequency of about 100 kHz.
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Figure 4 : Schlieren image displaying LIP location and flow field [31]



The last two alternative ignition methods reviewed during the completed literature study
are more direct comparisons to the completed research. The first of the two is a study which uses
two plasma torches with Ho/N> feedstock, as conducted by Lance Jacobsen, et al at the Air Force
Research Laboratory [40-45]. This study discusses the use of a secondary gas to block the exit
and increase back pressure. This is a difficult balancing act because too much blockage will
increase the back pressure to a point where the engine un-starts, and too little blockage and the
self-sustaining combustion shock train condition will not be attained. To counteract this, the
group at AFRL decided to use two plasma torches along with flame holding cavities to ignite the
fuel which is injected directly upstream of the torches. The other is one completed by Ming Bo
Sun, et al at the Science and Technology on Scramjet Lab in China [46-48], where they used
direct injection of hydrogen fuel in a cavity, right next to a spark plug to initiate the scramjet
main combustor. The main combustor was being operated at Mach 4 flight conditions and it was
noted that once the initial flame spreads along the cavity shear layer, the fuel downstream is
quickly ignited and distributed throughout the combustion chamber. The facility has two separate
cavities where they were uniquely tested with direct injection of hydrogen and sparked, this was
completed to draw accurate conclusions regarding initial flame kernel location and flame spread.

Ignition and steady combustion within the scramjet engine have proven to be very
difficult for several reasons including, the supersonic flow through the main combustion chamber
and its turbulent effects can cause the flame to destabilize and extinguish easily. The best way to
counter this effect is to have both a remarkably high energy source to ignite the mixed fuel-air
mixture and some sort of flame-holding cavity or step geometry to help stabilize the flame. More
traditional methods utilized within ramjet engines such as, using a continuous pilot flame for

ignition becomes much more challenging to implement in supersonic combustors. Subsonic
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combustor flow speed within ramjet engines allows for lower energy ignition methods as
observed by Bin An, et al at the Science and Technology on Scramjet Laboratory in China [49-
53], where they were able to reach successful ignition by operating a spark plug at 50hz
frequency.

Steady, reliable, and feasible ignition within scramjet combustors is hampered for several
reasons including extremely low residence time, due to supersonic flow speed, the ignition delay
of the hydrocarbon fuels used as the main fuel in scramjet engines, and the lack of appropriate
fuel/air mixing. As noted by several studies, mixing can be made more efficient with the
implementation of cavities and stepped geometries, creating recirculation zones for the flow.
These recirculation zones work by slowing down some of the highspeed flow and sending it back
through the combustion chamber. Mixing is improved by both increasing the residence time of
the flow within the chamber and introducing turbulence and vortices which further aid the
fuel/air mixing. Recirculation zones are also helpful in flame stability by working as a buffer
between fuel injection sites and supersonic flow, preventing blowout and instability [54-59]. To
fully understand the current and future advancements with scramjet engines, it is important to
look back through its history and development.

The history of the scramjet is one that, like most advancements, took an iterative
approach towards its evolution. The supersonic combustion ramjet came into existence as a
variant of the traditional subsonic ramjet engine as the need for hypersonic flight vehicles
became relevant. In Figures 5 and 6 below the different ramjet and scramjet geometries,
including designs for hybrid engines utilizing both subsonic and supersonic combusting ramjets.
Waltrup, et al from Johns Hopkins University provides an extensive overview of the U.S. Navy’s

involvement in development and advancements in scramjet engines from its beginning in the
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1950s to the early 2000s [56]. The Navy’s application for ramjet engines is mostly adapted as the

propulsion system for supersonic, long-range missiles.
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The Navy was involved in several scramjet projects including SCRAM, NASP, and the
more recent counterforce. NASP, was a highly theoretical design which stands for National
Aerospace Plane and was designed to go from takeoff to orbital velocities of Mach 25. Although
the development of this technology was not realistically able to be created, the national
investment into the project led to major advancements in aerospace and high-speed flight CFD
technology. Nonconventional, solid-fueled scramjets have been a topic major research interest in
the last ten years, with that progress being detailed by Zhao, et al at the Department of Aerospace
Science and Engineering at the National University of Defense Technology in Changsha, China
[57]. This review explains the importance of the monumental Mach 7 and 10 flight tests of the
NASA liquid-hydrogen fueled X43 scramjet, which sparked widespread interest in scramjets.
Liquid-fueled scramjets typically have a very complex system pipes and tanks which lead to
mechanical complexity and reduces mass ratio of the vehicle, in turn decreasing efficiency.
Solid-fueled ramjets offer improved storage efficiency and simplifications for the entire system.
These solid-fueled scramjets still require much more research in heat-resistant metals, as ramps
and struts used to stabilize flames and create turbulence are being morphed leading to inefficient
mixing due to surface regression. Another key scientific issue deals with the studying of ignition
and combustion of condensed phase particles, as most research deals with solid-gas phase
ignition and combustion.

The work presented in this study has undertaken a unique approach to scramjet engine
ignition that has not been previously studied, using the same liquid fuel and air as the main
combustion chamber for ignition. Liquid fuels present challenges to ignition that are not present
with gaseous fuels such as hydrogen, methane, and ethylene. Some of these challenges include

the need for atomization and evaporation, to increase the surface area of the fuel and make it
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ignitable, ignition delays present in hydrocarbon fuels, and possible combustion instability due to
uneven mixing and incomplete atomization. To better understand how the system presented
works, it is imperative to go through the steps required in liquid fuel ignition. These include the
liquid fuel breakup process, fuel-air mixing, and finally ignition.

There are four main categories of breakup mechanisms as seen below in Figure 7, each
characterized by their own range of Weber numbers. Weber number is a nondimensional value
that represents deforming forces to stabilizing cohesive forces. The four different categories are
capillary, bag, multi-mode, and shear breakup, each with increasing ranges of Weber numbers
[63,65]. For a liquid jet in crossflow (LJIC) representative of what was conducted in this study,
the breakup regime lies in the shear breakup mechanism. The shear breakup mechanism allows
for the greatest atomization of the liquid fuel and provides the best fuel-air mixing outcome out
of the four mechanisms. In a review conducted by Broumand and Birouk [66], they discuss the
process of multi-phase flow with transverse liquid jet in a gaseous crossflow. LJIC is a complex
process to characterize due to the many different parameters impacting the breakup regime,
trajectory, and penetration. These parameters can be broken down into three groups, the liquid,
gas, and surrounding parameters. To define a certain feature of the LJIC, it can be described as a
function of momentum flux ratio and both jet Reynolds number and crossflow Reynolds number.
Other dimensionless parameters such as density ratio, viscosity ratio, Ohnesorge number, and
Bond number each play a role in characterizing the liquid jet. All these parameters play an

important role in understanding the inner working of liquid fuel breakup and mixing process.
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Capillary

Multi-Mode Shear

Figure 7 : Primary Breakup Regimes [63]

The viability of liquid fuel ignition systems also relies on the lowest possible ignition
delay. Ignition delay consists of two parts, the first being the physical delay, which includes the
entire atomization and mixing time scale, and the second being the chemical time scale, which
varies with different fuels [64]. For scramjet applications, ignition delay is a critical parameter
that must be accounted for due to the extremely low residence time of air flowing through the
engine typically in the order of milliseconds [60-62]. The physical aspect of ignition delay
accounts for most of that time scale making the atomization and mixing process of utmost
importance. Gaseous fuels such as hydrogen have optimal combustion characteristics compared

to liquid fuels but are typically hindered by their storage requirements because of their extremely
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low density. Utilizing the same liquid jet fuel used in the main combustion chamber of scramjet
engines would significantly increase the efficiency of the entire system by excluding the need for
auxiliary fuel reservoirs for gaseous fuels as are used in many of the current ignition systems.

In a literature survey, there has been little to no research conducted developing an
ignition system for supersonic combustion utilizing the same liquid jet fuel for both main
combustion and ignition. Thus, a system was developed with reliable and consistent ignition,
with a high chamber pressure rise, and a strong exhaust jet; especially so, in hypersonic scramjet
applications where weight reduction is a critical factor in reducing drag and increasing fuel

efficiency.
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CHAPTER TWO : METHODOLOGY

The scramjet igniter studied is comprised of four major components that make up the
entire system, these include : the fuel tank, the air and fuel feed lines, the air heater, and the
combustion chamber. Along with the facility components, a variety of electronics were used for
diagnostic and control purposes. A comprehensive description of the entire methodology will be
detailed in the following section.

2.1 Scramijet Igniter System Design and Setup

A pressurized six-gallon fuel tank reservoir containing JetA liquid fuel was used and
directly injected into mixing chamber where it acted as a transverse jet within a LJIC
configuration. The fuel tank was pressurized to 150 psi with a 0.011 inch diameter orifice
connected upstream of the mixing chamber. This provided the primary breakup mechanism for
the fuel with secondary breakup coming from air in crossflow. The air feed line was supplied by
a high volume air compressor set at 120 psi going through an air heater directly upstream of air
injection into the mixing chamber. Downstream of the mixing chamber is a narrow 0.25 inch
NPT pipe that acts as a mixing region with a 0.039 inch orifice as the inlet into the combustion
chamber. Directly upstream of the 0.039 inch orifice, a bypass valve was included to reduce total
flow rate and ensure properly mixed fuel and air were entering the combustion chamber. The
combustion chamber is a tee-shaped stainless steel pipe fitting with a volume of 71.13 inch®
modified with a quarter inch hole on its face to fit an automotive spark plug. The top side outlet
of the combustion chamber was fitted with a pressure transducer used to measure the pressure-

rise from ignition. The ignition flame exhausted out of the bottom of the combustion chamber,
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where varying outlet orifice sizes were fitted. Figures 8 and 9 below display the system

configuration and combustion chamber where ignition occurred.

Fuel Tank

Combustion
Chamber

Alr Supply Pressure

Reading

Mixing
Air Heater Region

L

7 5N [ L. u
¢ ) -

|~ p)—

Jet Exhaust
Varying Orifice

Figure 8 : Diagram of Entire System

\

-— i

Figure 9 : Pictures of Combustion Chamber

The electronics of the facility can be broken down into two groups the controls
electronics and the data acquisition (DAQ) hardware. The controls electronics includes the relay
and controller for the air heater, which is shown below in Figure 10 as part of the air feed line,
and the system used for sending signal to spark plug. Spark plug operation also required two of
its own devices, one being the timing box which is a BNC model 575 pulse/delay generator, and
the other being a lab made relay box that connected to the spark plug directly via an ignition coil

15



and grounding wire. Parameters such as spark plug pulse frequency and width of each individual
spark were set using the timing box.

The DAQ electronics consisted of a pressure transducer with a 275khz sampling rate,
connected to a PCB PIEZOTRONICS model 482C series sensor signal conditioner, which was
connected to a NI USB-6356 multifunction DAQ. The multifunction DAQ then is directly
connected via USB to a laptop computer running NI LabVIEW, which was calibrated to convert
the voltage readings from the pressure transducer into usable pressure readings inside the
combustion chamber. To capture schlieren imaging, a high-speed Photron SA-Z camera was used
capturing video at 10,000 frames per second pointed at an illuminated mirror configuration and

combustion chamber outlet nozzle.

M de "l
tcosureheat.com

2.2 Theoretical Calculations/Combustion Efficiency

Before initial testing, stoichiometric equilibrium, mass flow rate, and equivalence ratio
calculations were completed to identify the different parameters needed to properly operate the
facility. By using the choked mass flow rate equation, it was possible to both set a theoretical
mass flow rate and desired equivalence ratio to output the required pressure settings for the
facility. These calculations proved fruitful in initial testing to get an approximation of what
pressures to set both the air and fuel to, but to reach ignition, alterations were made to these
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pressures, respectively. Once reliable ignition pressures were attained during testing, an inverse
of the mass flow equations allowed for a refined understanding of the actual mass flow and
equivalence ratio of propellants realized in the system. From these results, approximately 7.06
g/s of total mass flow was experienced in the chamber and with the addition of the bypass valve,
the combustion chamber had about 5.29 g/s of total mass flowing in.

From the pressure rise readings, and using online numerical simulations from NASA
CEA, combustion efficiency for the system was also completed. Using an assigned enthalpy and
pressure problem solver in NASA CEA, chemical equilibrium calculations were completed using
all the known input parameters of the propellants. From these results, combustion efficiency was
calculated using both output temperature-rise from combustion, and combustion product
composition. Because the facility did not have the physical tools to acquire these output
parameters NASA CEA was used to bridge the gap and provide somewhat of an understanding of
combustion efficiency for the ignition process. Equation 1 below was used to solve for
combustion efficiency by using the temperature rise from NASA CEA, this equation was
obtained from research completed by Sadat Akhavi et al, at the Department of Aerospace
Engineering in Amir Kabir University of Technology [67-68,70]. Equation 2 shows an
alternative way of calculating combustion efficiency by taking the reaction product composition

by mass and proves to be in relative agreement with the values obtained from equation 1 [69].

T] . — Cp (Texit_T3)mair (1)
combustion mfuelLHVfuel
mass CO,
Ncombustion = (2)

mass CO,+mass CO
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2.3 Experimentation and Diagnostics

Several parameters in the facility were varied throughout the testing campaign to help
determine which configuration led to the highest reliability, pressure rise, and penetrating jet.
The parameters varied include fuel/air mixture temperature, sparking frequency, and combustion
chamber outlet orifice diameter. Initial testing was completed with a 0.113 inch diameter orifice
as the nozzle of the combustion chamber with varying temperatures from 150°C to 275°C. From
there, the temperature that resulted with the best combination of pressure-rise and reliability was
chosen to be the set temperature for the following set of tests that varied sparking frequency from
0.5hz to a maximum of 20hz. Schlieren and mobile video capture were also used at varying
temperatures, to analyze the effects on jet exhaust quality. The following tests were then
completed in the same manner for different combustion chamber outlet orifice sizes. The next
section delves into the results obtained, selection reasoning, and discussion of results relevant to

the research goals.
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CHAPTER THREE : RESULTS AND DISCUSSION

3.1 Preliminary Results at Varying Temperature and Constant Spark Plug Frequency

Initial testing of the facility was conducted at varying mixture temperatures ranging from
150°C-275°C at 1hz spark plug frequency. This set of tests were conducted separately for each
outlet diameter. Two main parameters were considered when selecting a set temperature for the
following set of tests, pressure ratio (PR) and reliability. Reliability was given priority over PR
especially if two temperatures were close together. Figures 11 and 13 display the PR and
reliability graph that explains the reasoning behind temperature selection for varying frequencies.
For the 0.113 inch case, 150°C had the highest reliability and a similar PR to the other cases. At
the 0.096 inch outlet, the reliability was the same at two different temperatures meaning the
differentiating parameter was which temperature had the higher PR. This led to the selection of
the 225°C temperature. For reference, an example pressure trace of the 150°C, 1hz, 0.113 inch

outlet test case is also seen below in Figure 12.
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Figure 11 : 0.113 inch PR and Reliability
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3.2 Repeated Testing at Selected Temperature and Varying Spark Plug Frequency

Once exact temperatures were selected, the following set of testing included fixing said

temperature and changing the spark plug frequency from 0.5hz up to a maximum of 20hz. A
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strong relation with increasing the spark plug’s frequency and increasing ignition pulse
frequency is evident in Figure 14 below. There also appears to be a limit near one hertz

frequency no matter how high the spark plug frequency is set.
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Figure 14 : Comparison of Ignition Frequency at Varying Spark Plug Frequencies

Varying the outlet nozzle to a smaller diameter of 0.096 inches results in an expected
pressure rise. At a sparking frequency of 20hz this pressure rise difference between combustion
chamber outlets becomes evident as seen below in Figure 15. Pressure was higher on average for
the 0.096 inch orifice but both orifices displayed similar trends throughout the ignition period.
Values for the peak pressure are different from the ones displayed below, this is because as
ignitions occur the starting pressure decreases. The values displayed below are calculated by
taking the difference between the peak pressure and the starting pressure at each ignition to give
an absolute pressure rise per ignition. It is important to note that the reason for starting pressure
being negative for the high frequency sparking cases is because as ignitions occur the

combustion chamber needs a certain amount of time to refill to reach a baseline pressure. The
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relatively long fill time for the combustion chamber acts as a detremint to the facilty as it reduces
the maximum possible ignition pulse frequency, and plays a part in reducing ignition reliability
at lower sparking frequencies. With a properly optimized combustion chamber geometry, higher

ignition pulse frequency would be possible, because of reduced fill times.
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Figure 15 : Absolute Pressure Rise vs Time at Different Outlet Sizes

The facility reaches a maximum of 1hz when pushing the sparking frequency to its
maximum tested value of 20hz and maintains a pressure ratio average above 8, and maintains a
penetrating jet expressing high energy release. One final metric that is important to take note of
is the combustion efficiency of the entire system. Below in Table 1, the combustion efficiency is
calculated in two ways that both yield similar results of about 50% combustion efficency.
Considering the lack of opitimization, and the increased equivalence ratio of 1.544 used
throughout testing, a 50% combustion efficiency is not that far from the values obtained in

literature of 75-90% with liquid jet fuel.
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Table 1 : Data Used to Calculate Combustion Efficiency

T3(K) | Texit (K) | Co(kd/kg*K) | Initial Pressure (psia) | CO2% | CO% | n(AT) | n(products) | Usiame (M/S)
423 2029.5 1.5332 15.732 8.690 | 13.636 | 54.2235 50.0361 900.8
473 | 2068.29 1.5439 17.126 8.599 | 13.694 | 54.221 49.667 908.7
498 | 2087.35 1.5558 14.2286 8.556 | 13.721 | 54.4354 49.4928 912.4
523 | 2107.44 1.5591 16.782 8.511 | 13.750 | 54.3824 49.3077 916.6
548 | 2127.54 1.5647 18.395 8.468 | 13.777 | 54.4089 49.1321 920.7

3.3 Imaging of Exhaust Jet

The final method of diagnostics taken to evaluate the ignition system created was to get
imaging of the jet exhaust from the combustion chamber. This was achieved by using both a
conventional phone camera and a highspeed camera operating at 10,000 frames per second.
Figure 16 below shows the phone cameras capture of the exhaust jet for 150°C, 225°C, and
275°C at 0.113 inch outlet. It can be noted in all three images that there is a penetrating jet with
barely visible Mach diamonds, indicating a supersonic exhaust plume, which is expected from
the high PR obtained from ignition. The Schlieren imaging taken not only provides a valid
depiction of the ignition process, but also allows for another perspective on the time scale that
are represented in the pressure trace readings. The ignition process is shown in Figure 17
beginning with filling of the combustion chamber with propellent, followed by ignition resulting
in combustion chamber jet exhaust, and finally the expelling of flue gas and refilling of the
combustion chamber with propellant. When comparing the pressure trace, from the point after
ignition to flame exhaust represents the peaks in the pressure trace, followed by the flue gas

expelling and refill of air into the chamber represents the fill time portion of ignition cycle.
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Figure 16 : Jet Exhaust at 150 <C, 225 <C, and 275<C

Figure 17 : Schlieren Imaging of Ignition Jet Process at 150 C
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CHAPTER FOUR : CONCLUSIONS

With scramjet engines being a trending topic of hypersonic flight research, any
innovations that would reduce complexity and weight, while increasing system efficiency would
be a fruitful venture to tackle. In this study, a preliminary proof of concept for a unique ignition
system with the purpose of utilizing the same liquid fuel and air as the main combustion chamber
of a scramjet engine has been developed. By overcoming the many difficulties present in multi-
phase liquid fuel and air combustion, and obtaining reliable ignition with high pressure ratios, the
ignition system created is ready to take on the next phase of development including, design and
manufacturing of an optimized combustion chamber followed by initial testing within a
supersonic flow tunnel. In this study, liquid JetA fuel was injected in a LJIC configuration with
an equivalence ratio of about 1.5 and total mass flow rate of about 5.2 g/s. Reliable ignition was
successfully attained at a max pulse frequency of about 1hz and pressure ratios averaging greater
than eight throughout most test cases. Both methods of calculating combustion efficiency by
using propellant parameters and combustion products by mass led to efficiency of around 50%
with negligible changes at varying temperatures. This has also proven to be very adequate
considering the fuel rich equivalence ratio and unoptimized combustion chamber geometry.
Schlieren imaging and traditional recording methods were used to further understand the
characteristics of the ignition cycle while also identifying jet quality for penetration purposes.
Successful testing of the facility proves the viability of its application within scramjet

combustors and leading innovation for a critical system within scramjet engines.

25



LIST OF REFERENCES

[1] Ingenito, A., “Fundamentals of Ramjet Engines. In: Subsonic Combustion Ramjet Design,”
Springer Briefs in Applied Sciences and Technology. Springer, Cham, pp 5-7

[2] Billig, F. S., R. C. Orth, and M. Lasky. "Effects of thermal compression on the performance
estimates of hypersonic ramjets.” Journal of Spacecraft and Rockets 5.9 (1968): 1076-1081.

[3] Jia, M., Zang, Y., Cui, W., Lin, D., Zhang, Z., and Song, H. “Experimental Investigation on
Flow Characteristics and Ignition Performance of Plasma-Actuated Flame Holder.” Processes,
\ol. 10, No. 9, 2022, p. 1848. https://doi.org/10.3390/pr10091848.

[4] Sergey M., "Weakly lonized Plasmas in Hypersonics: Fundamental Kinetics and Flight
Applications,” AIP Conference Proceedings (2005): 1197-1210.

[5] Huang R.F., Hsu C.M., Chen Y., “Modulating flow and aerodynamic characteristics of a
square cylinder in crossflow using a rear jet injection,” Physics of Fluids (2017), 29 (1): 015103.
[6] Wu Y., Zhang Z., Liang F., Wang N., “Combustion characterization of a CH4/02 rapid mixed
swirl torch igniter for hybrid rocket motors,” Aerospace Science and Technology, Volume 98
(2020)

[7] Flores, J., Sanchez, L., Dorado, V., Choudhuri, A., “An Experimental Evaluation of a Torch
Ignition System for Propulsion Research,” 49th AIAA/ASME/SAE/ASEE Joint Propulsion
Conference, (2013)

[8] Takita, K., Murakami, M., Nakane, H., Masuya, G., “A novel design of a plasma jet torch
igniter in a scramjet combustor,” Proceedings of the Combustion Institute, Volume 30, Issue 2,

(2005), Pages 2843-2849

26



[9] Waltrup, P., “Upper Bounds on the Flight Speed of Hydrocarbon-Fueled Scramjet-Powered
\ehicles,” Journal of Propulsion and Power, Vol. 17, No.6, (2001)

[10] Takita, K., “Ignition and Flame-holding by Oxygen, Nitrogen and Argon

Plasma Torches in Supersonic Airflow,” Combustion and Flame, Volume 128, Issue 3, (2002),
Pages 301-313

[11] Takita, K., Moriwaki, A., Kitagawa, T., Masuya, G., “Ignition and flame-holding of H2 and
CH4 in high temperature airflow by a plasma torch,” Combustion and Flame, Volume 132, Issue
4, (2003), Pages 679-689

[12] Jacobsen, L. S., Gallimore, S. D., Schetz, J. A., O’Brien, W. F.,, “Integration of an Aeroramp
Injector/Plasma Igniter for Hydrocarbon Scramjets,” Journal of Propulsion and Power, Volume
19, Number 2, (2003)

[13] Matsubara, Y., Takita, K., Masuya, G., “Combustion enhancement in a supersonic flow by
simultaneous operation of DBD and plasma jet,” Proceedings of the Combustion Institute,
\Volume 34, Issue 2, (2013), Pages 3287-3294

[14] Ombrello, T., Won, S.H., Ju, Y., Williams, S., “Flame propagation enhancement by plasma
excitation of oxygen. Part I: Effects of O3,” Combustion and Flame, Volume 157, Issue 10,
(2010), Pages 1906-1915

[15] Nishiyama, H., Takana, H., Niikura, S., Shimizu, H., Furukawa, D., Nakajima, T., Katagiri,
K., Nakano, Y., “Characteristics of ozone jet generated by dielectric-barrier discharge,” IEEE
Transactions on Plasma Science, Volume 36, Issue 4 PART 1, (2008), Pages 1328-1329

[16] Do H., Cappelli M., Mungal M., “Plasma assisted cavity flame ignition in supersonic

flows,” Combustion and Flame, (2010), 1783-1794, 157(9)

27



[17] Do H., Im S., Cappelli M., Mungal M., “Plasma assisted flame ignition of supersonic flows
over a flat wall,” Combustion and Flame, (2010), 2298-2305, 157(12)

[18] An B., Wang Z., Yang L., Li X., Zhu J., “Experimental investigation on the impacts of
ignition energy and position on ignition processes in supersonic flows by laser induced plasma,”
Acta Astronautica, (2017), 444-449, 137

[19] Kim W., Do H., Mungal M., Cappelli M., “Optimal discharge placement in plasma-assisted
combustion of a methane jet in cross flow,” Combustion and Flame, (2008), 603-615, 153(4)
[20] Kim W., Mungal M., Cappelli M., “Formation and role of cool flames in plasma-assisted
premixed combustion,” Applied Physics Letters, (2008), 92(5)

[21] Leonoy, S. B., Kochetov, 1. V., Napartovich, A. P., Sabel'nikov, V. A., Yarantsev, D.A,
"Plasma-Induced Ethylene Ignition and Flameholding in Confined Supersonic Air Flow at Low
Temperatures,” IEEE Transactions on Plasma Science, vol. 39, no. 2, pp. 781-787, (2011)

[22] Leonoy, S., Carter, C., Starodubtsev, M., Yarantsev, D., "Mechanisms of fuel ignition by
electrical discharge in high-speed flow" 14th AIAA/AHI Space Planes Hypersonic Systems
Technologies Conf. (2006)

[23] Sokolik, A.S., "Self-ignition and combustion in gases™ UFN (rus) vol. XXIII no. 3 pp. 209-
250, (1940)

[24] Leonov, S., Yarantsev, D., Carter, C., “Experiments on Electrically Controlled Flameholding
on a Plane Wall in a Supersonic Airflow,” Journal of Propulsion and Power, Volume 25, Number
2, (2009)

[25] Takita, K., “Ignition and Flameholding by Oxygen, Nitrogen, and Argon Plasma Torches in

Supersonic Airflow,” Combustion and Flame, Vol. 128, No. 3, (2002), pp. 301-313.

28



[26] Popov, N. A., “The Effect of Nonequilibrium Excitation on the Ignition of Hydrogen-
Oxygen Mixtures,” High Temperature, Vol. 45, No. 2, (2007), pp. 261-279

[27] Ju Y., Sun W., “Plasma assisted combustion: Dynamics and chemistry,” Progress in Energy
and Combustion Science, (2015), 21-83, 48

[28] Takita K., Uemoto T., Sato T., Ju Y., Masuya G., Ohwaki K., “Ignition characteristics of
plasma torch for hydrogen jet in an airstream,” Journal of Propulsion and Power, (2000), 227-
233, 16(2)

[29] Kobayashi K., Tomioka S., Mitani T., “Supersonic Flow Ignition by Plasma Torch and
H2/02 Torch,” Journal of Propulsion and Power, (2004), 294-301, 20(2)

[30] Esakov, 1., Grachev, L., Khodataev, K., Vinogradov, V., Wie D.V., “Efficiency of Propane-
Air Mixture Combustion Assisted by Deeply Undercritical MW Discharge in Cold High-Speed
Airflow,” 44th ATAA Aerospace Sciences Meeting and Exhibit, (2006)

[31] Brieschenk S., O'Byrne S., Kleine H., “Laser-induced plasma ignition studies in a model
scramjet engine,” Combustion and Flame, (2013), 145-148, 160(1)

[32] Mastorakos E., “Ignition of turbulent non-premixed flames,” Progress in Energy and
Combustion Science, (2009), 57-97, 35(1)

[33] Liang T., Zang H., Zhang W., Zheng L., Yao D., Li H., Xu H., Li R., “Reliable laser ablation
ignition of combustible gas mixtures by femtosecond filamentating laser,” Fuel, (2022), 311
[34] Abdulrahman G., Qasem N., Imteyaz B., Abdallah A., Habib M., “A review of aircraft
subsonic and supersonic combustors,” Aerospace Science and Technology, (2023), 132

[35] Colket M., Spadaccini L., “Scramjet fuels autoignition study,” Journal of Propulsion and

Power, (2001), 315-323, 17(2)

29



[36] Maas U., Warnatz J., “Ignition processes in hydrogenoxygen mixtures,” Combustion and
Flame, (1988), 53-69, 74(1)

[37] Ma J., Alexander D., Poulain D., “Laser spark ignition and combustion characteristics of
methane-air mixtures,” Combustion and Flame, (1998), 492-502, 112(4)

[38] O'Byrne S., Doolan M., Olsen S., Houwing A., “Analysis of transient thermal choking
processes in a model scramjet engine,” Journal of Propulsion and Power, (2000), 808-814, 16(5)
[39] Sung C., Li J., Yu G., Law C., “Chemical Kinetics and Self-Ignition in a Model Supersonic
Hydrogen-Air Combustor,” AIAA Journal, (1999), 208-214, 37(2)

[40] Jacobsen, L., Carter, C., Baurle, R., and Jackson T., “Toward Plasma-Assisted Ignition in
Scramjets,” Thermochemical processes in plasma aerodynamics (Conference Proceedings, 28-
31, (2003) (CSP 03-5031)

[41] Northam, G., McClinton, C., Wagner, T., and O’Brien, W., “Development and Evaluation of
a Plasma Jet Flameholder for Scramjets,” AIAA Paper 84-1408, (1984)

[42] Kanda, T., Hiraiwa, T., Mitani, T., Tomioka, S., and Chinzei, N., “Mach 6 Testing of a
Scramjet Engine Model,” Journal of Propulsion and Power, Vol. 13, No. 4, (1997), pp. 543-551.
[43] Masuya, G., Choi, B., Ichikawa, N., and Takita, K., “Mixing and Combustion of Fuel Jet in
Pseudo-Shock Waves,” AIAA Paper 2002- 0809, (2002)

[44] Jacobsen, L. S., Carter, C. D., Jackson, T. A., Schetz, J. A., O’Brien, W.F., Boguzko, G. S.,
Elliott, M., and Crafton, J. W., “Experimental Investigation of a DC Plasma-Torch Igniter,”
AIAA Paper 2002-5228, (2002)

Sept. 2002

30



[45] Mathur, T., Streby, G., Gruber, M., Jackson, K., Donbar, J., Donaldson, W., Jackson, T.,
Smith, C., and Billig, F., “Supersonic Combustion Experiments with a Cavity-Based Fuel
Injector,” AIAA Paper 99-2102, (1999)

[46] Sun M., Gong C., Zhang S., Liang J., Liu W., Wang Z., “Spark ignition process in a scramjet
combustor fueled by hydrogen and equipped with multi-cavities at Mach 4 flight condition,”
Experimental Thermal and Fluid Science, (2012), 90-96, 43

[47] Owens M., Tehranian S., Segal C., Vinogradov V., “Flame-holding configurations for
kerosene combustion in a Mach 1.8 airflow,” Journal of Propulsion and Power, (1998), 456-461,
14(4)

[48] Gruber M., Donbar J., Carter C., Hsu K., “Mixing and combustion studies using cavity-
based flameholders in a supersonic flow,” Journal of Propulsion and Power, (2004), 769-778,
20(5)

[49] An, B., Wang, Z., Sun, B., “Ignition dynamics and combustion mode transitions in a rocket-
based combined cycle combustor operating in the ramjet/scramjet mode,” Aerospace Science and
Technology, Volume 118, November 2021, 106951

[50] An B., Wang Z., Yang L., Li X., Liu C., “The ignition characteristics of the close dual-point
laser ignition in a cavity based scramjet combustor,” Experimental Thermal and Fluid Science,
(2019), 136-140, 101

[51] Li X., LiuW., Pan Y. ,Liu S., “Investigation on ignition enhancement mechanism in a
scramjet combustor with dual cavity,” Journal of Propulsion and Power, (2016), 439-447, 32(2)
[52] LiJ., LiJ., Wang K., Jiao G., Liao Z., “Study of low-temperature ignition characteristics in

a supersonic combustor,” Energy, (2020), 195

31



[53] Saxena S., Kahandawala M., Sidhu S., “A shock tube study of ignition delay in the
combustion of ethylene,” Combustion and Flame, (2011), 1019-1031, 158(6)

[54] Wilson, R. F., “Evolution of Ramjet Missile Propulsion in the United States and Where We
Are Headed,” AIAA Paper 96-3148 July (1996)

[55] Kiersey, J.L., “Airbreathing Propulsion for Defense of the Surface Fleet,” Johns Hopkins
APL Technical Digest, Vol. 13, No. 1, 1992, pp. 57-68.

[56] Waltrup, P.J., White, M.E., Zarlingo, F., Gravlin, E.S., “History of U.S. Navy Ramjet,
Scramjet, and Mixed-Cycle Propulsion Development,” Journal of Propulsion and Power, Volume
18, Number 1, (2002)

[57] ZHAO X., XIAZ., MA L, LI C., FANG C., NATAN B., GANY A., “Research progress on
solid-fueled Scramjet,” Chinese Journal of Aeronautics, (2022), 398-415, 35(1)

[58] Ben-Yakar A., Natan B., Gany A., “Investigation of a solid fuel scramjet combustor,”
Journal of Propulsion and Power, (1998), 447-455, 14(4)

[59] Vaught C., Witt M., Netzer D., Gany A., “Investigation of solid-fuel, dual-mode combustion
ramjets,” Journal of Propulsion and Power, (1992), 1004-1011, 8(5)

[60] Tian, Y., Cai, Z., Sun, M., Feng, R., Xing, H., Yan, B., Wan, M., Sun, Y., Wang, H., and Zhu,
J., “Ignition Characteristics of Scramjet Combustor with Laser Ablation and Laser-Induced
Breakdown,” JOURNAL OF PROPULSION AND POWER, Vol. 38, No. 5, September—October
2022

[61] Ochs, B. A., and Menon, S., “Laser Ignition in Supersonic Channel Flow,” Combustion and
Flame, Vol. 214, (2020), pp. 90-102.

[62] Gibbons, N., Gehre, R., Brieschenk, S., and Wheatley, V., “Blast Wavelnduced Mixing in a

Laser Ignited Hypersonic Flow,” Journal of Fluids Engineering, Vol. 140, No. 5, (2018)
32



[63] Salauddin, S., Flores, W., Otero, M., Stiehl, B., and Ahmed, K., "Modal Analysis of Breakup
Mechanisms for a Liquid Jet in Crossflow.” ASME. J. Energy Resour. Technol. (2022)

[64] Vasu, S., Davidson, D., and Hanson, R., “Jet fuel ignition delay times: Shock tube
experiments over wide conditions and surrogate model predictions” Combustion and Flame,
\Volume 152, Issues 1-2, January 2008, Pages 125-143

[65] LAW, C., “Theory of thermal ignition in fuel droplet burning. Combustion and Flame”, 31,
285-296. (1978)

[66] Broumand, M., and Birouk, M., “Liquid Jet in a Subsonic Gaseous Crossflow: Recent
Progress and Remaining Challenges,” Prog. Energy Combust. Sci., 57, pp. 1-29 (2016)

[67] Akhavi, S., Tabejamaat, S., EiddiAttarZade, M., and Kankashvar, B., “Experimental and
numerical study of combustion characteristics in a liquid fuel CAN micro-combustor,”
Aerospace Science and Technology, Volume 105, (2020), 106023

[68] Chong C., Ng J., “Combustion performance of biojet fuels,” Biojet Fuel in Aviation
Applications, (2021), 175-230

[69] Vallero D., “Thermal reactions,” Air Pollution Calculations, (2019), 207-218

[70] Torkzadeh M., Bolourchifard F., Amani E., “An investigation of air-swirl design criteria for

gas turbine combustors through a multi-objective CFD optimization,” Fuel, (2016), 734-749, 186

33



	The Performance of a Liquid-Fueled High Pressure Igniter for Scramjets
	STARS Citation

	ABSTRACT
	ACKNOWLEGMENTS
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	NOMENCLATURE
	CHAPTER ONE : INTRODUCTION
	CHAPTER TWO : METHODOLOGY
	2.1 Scramjet Igniter System Design and Setup
	2.2 Theoretical Calculations/Combustion Efficiency
	2.3 Experimentation and Diagnostics

	CHAPTER THREE : RESULTS AND DISCUSSION
	3.1 Preliminary Results at Varying Temperature and Constant Spark Plug Frequency
	3.2 Repeated Testing at Selected Temperature and Varying Spark Plug Frequency
	3.3 Imaging of Exhaust Jet

	CHAPTER FOUR : CONCLUSIONS
	LIST OF REFERENCES

