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Abstract

For this research, detonation wave stability was studied in two different
experiments. The first study consisted of using a straight 2-D channel and imaging the
detonation traveling down the channel. The second study consisted of using horseshoe-
shaped channels and tracking the detonation traveling around a curve. In both cases the
waves were tracked using a computer program designed specifically for this research.

High-speed shadowgraph, and Schlieren were performed on a 2-D detonation
channel — a channel where the internal flow path was too thin to support transverse waves
in one of the dimensions — to study the wave behavior limiting the motion of transverse
waves to a 2-D plane. The channel design was 2 inch by 0.25 inch, giving it a channel
aspect ratio of eight. The viewing window was 1 inch by 1 inch. Stoichiometric
hydrogen-oxygen, ethylene-oxygen and mixed-fuel reactants were diluted with argon or
nitrogen to vary reaction rates and thereby detonation speed and cell size. All detonations
were allowed to become stable before entering the optical window. A computer program
with modern digital image processing techniques was designed to track the detonation.
Velocity, optical soot foils, and detonation wave thickness were computed using the
computer code. Among the more significant trends observed were: 1) increased variance
in velocity with dilution; 2) increase in the thickness of the detonation wave with diluent
heat capacity; and 3) decrease in the thickness of the detonation wave with increase in

heat of combustion of the reactants. The detonation thickness is believed to correlated to



the difference in position of the combustion wave and shock wave of the detonation
corresponding to the commonly named induction and reaction zones.

High-speed chemiluminescence was performed on rectangular curve detonation
channels which had the overall shape of a horseshoe. The channels were designed with
varying Ri/Ro to determine impact of the ratio on wave stability. Ethylene-air and
hydrogen-air detonations were used with varying equivalence ratios. A computer
program was designed to track the inner and outer waves of the detonation as it circled
the horseshoe. Different stability regimes were identified based on video and velocity
data. It was found the different regimes did correlate to the Ri/R, of the test section.
Diagrams were created to map the different wave stability regimes compared to cell size.
One significant finding of this experiment was that detonations were observed to
successfully propagate around the full 180-degree curve only when the channel
dimensions were wide enough to support four or more cells. For stable waves, smaller
cells were preferred. Therefore, the channel design in terms of cell size is critical for
wave stability.

For both experiments of this wave stability research, the velocity mean and
variance were tracked. In both cases, cell size correlated to wave stability. In general,
larger cells correlated with variance in velocity. This variance of velocity correlated with

instabilities found in detonation waves.
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OPTICAL STUDY OF 2-D DETONATION WAVE STABILITY

. Introduction

1.1 Background

There are two types of stable combustion which can occur in engines. These two
types are deflagration and detonation. Deflagration is the typical type of combustion
found in car engines where a flame will burn the reactants to create energy. In car engines
‘knocking’ can occur. The most extreme form of knocking is when a detonation occurs.
A detonation occurs when a combustion wave passes rapidly enough through the
reactants that the pressure waves coalesce into a shockwave. The high temperature
produced by the shock heating promotes the high reaction rates required to sustain the
rapid combustion wave. When the combustion reaction and shockwave are coupled in
this way it is called a detonation wave. Having a detonation occur in an engine designed
for deflagration can be dangerous due to the strong and rapid pressure rise. However,
engines designed to utilize detonations as the combustion process hold the promise of
increased thermodynamic efficiency.

Detonations, when used for combustion, create a pressure-gaining system. This
system produces a thermodynamic benefit such as an increase in pressure, higher
enthalpy, and lower entropy when compared to deflagration. The T-S diagram helps
support this claim over the standard engine T-S. Figure 1 shows the T-S diagram for both
the standard engine and the detonation engine. The detonation engine T-S is in blue while

the standard engine is in black.



Figure 1. T-S diagram of a detonation engine and a standard engine.

Rotating Detonation Engines (RDE) are a current hot topic for future propulsion
systems. RDEs are being researched since they are considered a pressure gaining
combustion system. Pulse detonation engines (PDE) are another type of propulsion which
is pressure gaining. PDEs send one detonation down the combustor chamber, while RDEs
have a continuous cycling detonation rotating in the annulus of the combustor. Due to
PDEs having to continuously create new detonation waves while an RDE only has to
create one, pressure gaining combustion research has focused on the RDE. But there are

fundamental questions about how these engines work such as how detonations propagate.



1.2 Motivation

The purpose of this research is two-fold. The first question this research answers
is how detonations propagate when constricted to a 2-D plane. This limits the ability of
the detonation wave to move. The detonation itself can only move from front to back of
the test section, with the transverse wave limited to moving only left and right of the
wave. Through test parameters, the detonation itself is forced to be stable. This will
enable the observation of the detonation wave travels when optically resolved, decreasing
the error of tracking the wave. High-speed imaging will allow tracking of the detonation
and allow the examination of the chemical reactivity of different fuels with varying
diluents. The two diluents are nitrogen and argon. Nitrogen is used to better simulate air-
breathing propulsion application. The use of argon gives the ability to determine whether
the diluent is affecting the chemical reactivity or the heat capacity of the diluent: argon
has a higher mass while nitrogen has a larger heat capacity.

The second purpose is to analyze how a detonation propagates around a curve.
This is especially important relating to RDE research, because the detonation is
continually circulating an annulus. All data will be taken utilizing a high-speed camera.
This research uses rectangular round tubes shaped in a horseshoe as a detonation channel.
Here 2-D channels are also utilized (but not as constricting as the straight test section).
Waves are not restricted to only stable waves propagating, and unstable waves were
observed around the curve. The purpose of this section is to classify the different types of
wave (stable and unstable manifestations) and why these instabilities occur. This research

utilizes ethylene-air and hydrogen-air detonations with varying equivalence ratios (and



ultimately the chemical reactivity). The ratio of the inner and outer radius for horseshoe
is varied throughout the different test sections.

Both of these different configurations study different parts of the puzzle of wave
stability. The 2-D straight channels studies limiting a detonation to a 2-D plan and how
varying the chemical reactivity fundamentally changes the detonation. The horseshoe
configuration studies how detonations with varying chemical reactivity and varying
construction constrictions vary the wave stability along a curve. They both utilize high-
speed cameras and image processing techniques to track and analyze the wave along their

given test sections.

1.3 Objective

The primary objective of this research is to apply image processing techniques to
the image data sets. From these images, wave velocity can be garnered. From examining
how velocity varies throughout the data set, wave stability when compared to velocity
can be examined. Comparison of stability with cell size, chemical reactivity, different

diluents, and possible operating limits will be made.

1.4 Hypothesis

The main idea behind this research examines how much wave velocity varies with
stability. The other part of this research examines how the stability varies with cell size.
Velocity in this case is a stand in for chemical reactivity. It is believed that this reactivity

varies greatly with the instability wave and larger cell sizes create more wave instability.



For detonations propagating around a curve, it is also believed the ratio Ri/R, and the cell

size effects wave stability.

1.5 Contributions

This thesis contributes to the fundamental detonation research. Using the 2-D
channels, the experimental study of how detonations propagate in a 2-D plane can be
examined. Dilution is added to two different fuels to examine how wave stability
changes. For the study using the horseshoe, how oblique detonations travel can be
examined. Different classifications of wave stability will be made and compared to
velocity. The radius ratio, Ri/R. of the horseshoe set up will be examined for wave
stability and compared to cell sizes. Further improvements of image processing

techniques for detonation waves will be made.

1.6 Thesis Overview

This thesis contains five different chapters. Chapter 2 is a summary of RDE and
fundamental detonation research relevant to this research. Chapter 3 is the methodology
on how the research was conducted and analyzed. Chapter 4 contains the results and
analysis of the research conducted. Chapter 5 contains the summarizes the important
conclusions made from this research and why it is important in the grand scheme of
detonation research. The chapter also discusses the future work of 2-D channels, and

horseshoe detonations.



Il. Literature Review

Rotating Detonation Engines (RDE) are being studied extensively because of their
potential for pressure gain during the combustion process. They are especially of interest
for engines in the hypersonic speed regime, but there are some fundamentals not well
understood for RDEs such as detonation wave dynamics. Many research groups use high-
speed cameras to help investigate wave dynamics. Image processing techniques can be
applied to the RDE data to gain more insight. Optical access to the RDE itself is limited.
Optical techniques usually consist of studying the detonation propagating down a straight
channel. RDE’s inherently have an oblique detonation wave, meaning it is also important
to study how detonations curve. This research focuses on advanced image processing and
optical techniques used to study fundamental detonation physics.

This chapter covers relevant topics for analyzing and discussing detonations
found in two-dimensional linear channels and oblique detonation curved dynamics.
Discussion of imaging techniques typical for combustion applications are presented in
Section 2.1. Basics of image processing and their application to RDEs are presented in
Section 2.2. Discussion of how imaging is done to capture the detonation dynamics in a
wave is presented in Section 2.3. A specific way of capturing detonation dynamics in a
Linear RDE, along with their detonation structure are presented in Section 2.4. Two-
dimensional linear channels with their cell structures are presented in Section 2.5. Curved

detonation dynamics are presented in Section 2.6.



2.1 Imaging Techniques

Schlieren imaging is a technique used to visualize changes in density gradients
found in the air. The basic principle of Schlieren imagery is a laser sources shines light to
a mirror. The mirror collimates the light into parallel rays. The columnated light then
passes through the region of interest. Density gradients from the region of interest causes
the light to bend. The incoherent light then comes to another mirror. The second mirror
focuses the light to a knife edge. The knife edge cuts the light in half, as well as removing
the light bent by the density gradients. The light continues to the camera. In the image
produced, the density gradients appear as dark lines since the bent light was cut by the
knife edge. This technique is very useful in imaging shockwaves or simple density
gradients presented in the air, such as a candle’s plume [1].

Planar Laser-Induced Fluorescence (PLIF) is an imagining technique used for
gaining qualitative information on species concentration, temperature, pressure, or
density. The basic principle for PLIF is the laser excites the photons up an energy level
and causes the photons to fluoresce. The fluoresce is captured in image. Figure 2 is a
diagram of a typical PLIF set-up. PLIF can be divided into three different categories:
excitation, detection, and post-processing. For excitation, usually a pulse laser is chosen
due to the pulses creating a short lifetime of fluorescence (about 100 ns). Wavelengths of
the laser are chosen based on what species selected for excitement. Typical species used
are Oz, NO, H»0, and OH. Species imaging results in intensity maps, which in the case
for combustion are useful for locating flames, burned/unburned regions, recirculation

zones and shockwaves. Temperature imaging is typically done using two different lasers



(but there are monochromatic methods). Temperature imaging using PLIF, is complex
and requires multiple cameras, making it cost prohibitive. PLIF is capable of exciting
multiple wavelengths. Often, the intensities are much weaker than if one-color PLIF, but
the lesser intensity values can be overcome by using an intense laser source. For
processing images produced by PLIF, typically image correction is done first. After
applying image correction, image enhancement, transmission, and pattern recognition can
be applied. One of the main combustion applications of PLIF image processing is gaining

structural data such as turbulent eddies and location of flame front [2].
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Figure 2. Schematic for a typical set-up using PLIF [2].

2.2.1 Image Processing Basics

The Fourier transform is a mathematical tool used across many different
engineering and mathematic disciplines. Fourier transforms are mostly done to find a
frequency of an event in a time-based signal. This is not always the case with a two-
dimensional Fourier transform being done on an image. The technique was to look at a
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frequency of an event, but the event does not necessarily need to be time. To get a real
image in the frequency domain, a two-dimensional discrete Fourier transform must be

done. Equation 3.1 is the discreate Fourier transform.

Nx—1Ny-1

G (—j2 (np+ q))

= E E exp (—j2n | —+—

b.q - gn,m p ] Nx Ny (2.1)
m=0

n=0

The representation of an image in the frequency domain can be manipulated by
multiple transfer functions which also modify the reconstructed image when transformed
back into the spatial domain. To take an image out of the frequency domain into the
spatial domain, a two-dimensional inverse Fourier transform must be applied. This
process of modifying an image in the frequency domain is called frequency domain

filtering. Equations 2.2 is the discrete inverse Fourier transform [3].

Ny Ny-1

L3S (2 470)
m= ¢€xp (2| —+—
Inm = NN, Pa N, ' N, 2.2)

p=0 q=0

Spatial filtering is one of the fundamental tools to image processing. Typically,
with a spatial filter, the value of an individual pixel is considered with respect to the
values of neighboring pixels. The neighborhood performs an operation on the original
image based on the pixels in the neighborhood. One common spatial mask is the

convolution filter. Convolution can be thought of as a flip and a slide, where the mask is
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flipped 180 degrees than slid over the image. Equation 2.3 is the mathematical equation

for convolution [4].

a b
gy hey)= ) Y g(sOhGx—s,y =) 03
s=—at=-b .

In the equation g is the image while h is the mask being applied. The image size
is m by n, with m and n being the pixel count in a given direction. The variable a is equal
to (m-1)/2 and the variable b is (n-1)/2. [3] Convolution can also be done by applying a
Fourier transform on both the mask and the image, multiplying them together, and then
taking the inverse Fourier transform [3].

There are two types of spatial filters. Filters belonging to the first type are known
as linear spatial filters. A linear spatial filter must have coefficients in the mask which
perform linear operations onto the actual image. An example of a linear spatial filter is a
lowpass filter otherwise known as an averaging filter. The basic rule for an averaging
filter is the sum of the neighborhood must equal one. The second type of spatial filters
are known as non-linear. An example of a non-linear spatial filter is the median filter.
The way median filtering works is it considers the neighborhood of values and selects the
median value to assign the point to. The median filter forces intensity fluctuations to be

more like their neighbors. It is highly effective in reducing speckling found in an image

[4].
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2.2.2 Edge Detection/Curve Fitting

Edge detection can be done by using non-linear, first-order derivatives by use of
gradients. Derivatives are linear operators, but calculating the gradient is non-linear. The
gradient works by calculating the change occurring in both the x and y direction and then
taking the magnitude of these changes. The masks, when summed, always equal zero.
One popular gradient mask employs the Sobel operators. Below are the Sobel operators,

and how they are used as a gradient operator.

-1 0 1
ge=-2 0 2
-1 0 1 (2.4)
-1 -2 -1
gy=0 0 0
1 2 1 (2.5)

(2.6)

The Sobel operators, gx and gy are the masks applied to the image. Gx and Gy are
the changes found their respective directions. Gx and Gy are the same size as the original
image. They are then both summed and taken the magnitude, M(x,y). The image
produced from the magnitude shows the edges found in the image [4].

The Taubin fit estimates a position in relation to a planar curve. It is a

dimensional independent technique designed for curve fitting, but with the main focus for
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2-dimensional and 3-dimensional fits. It works by minimizing a means square distance
from a set of data points. This minimization of mean squares further reduces into a

generalized eigenvector fit. [5]

2.2.3 Application of Imaging Techniques to RDE

Bennewitz [6] uses a slew of different image processing techniques to determine
the number of waves and wave speed for a rocket RDE. Rocket RDEs can have up to
seven different waves and be moving in both CW and CCW directions [6, 7]. Figure 3
gives a visual demonstration how they determined location of the waves for the series of
images. Images are taken from a top-down view of the RDE. The raw image is taken, and
background subtraction is applied to all images in the set. A cartesian mesh is applied to
find the locations of the annulus. The top 100 boxes based on intensity are used for the
Taubin fit. The Taubin fit gives the location of the origin of the annulus, through use of
curve fitting. Using location of the origin, a polar mesh is applied to the images. An
azimuthal bin was created to contain all the angles with their intensity values. The mesh

consisted of 200 bins, each bin being 1.8 degrees.
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Figure 3. Order of steps taken for the azimuthal bins to be created [6].

The intensity values are placed in the azimuthal bins for each image. A new
image is created using the intensity values and the time stamp for each frame. A two-
dimensional Fourier transform is done to calculate the frequency, number, and direction
of the waves. Figure 4 contains the image of the azimuthal bins in a while b shows the
Fourier transform and how the number, direction and frequency of the waves are

calculated.
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Figure 4. (A) Azimuthal bins with corresponding angles for time of series of images. (B)

Fourier transform of A [6].

2.3. Wave visualization in RDE

To gain optical access to an RDE for purpose of studying detonation dynamics,
Chacon [8] used a racetrack RDE. As the name describes, the RDE looks like a racetrack,
with long straightaways with curves connecting the two straightaways. Optical access is
obtained by having a window placed in one of the straightaways. OH PLIF visualization
are performed using the optical window in the straightaway. High-pressure transducers
are utilized to correlate events observed in the optical window to other events occurring
in the racetrack. Chacon used the racetrack RDE to identify flow field features of the
detonation wave.

The flow field features are identified and labeled in Figure 5. In the figure, DW
stands for the detonation wave, CC stands for commensal combustion, CB stands for

contact burn (a number one follows it in the image), BR stands for buffer region, FFR is
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fresh reactants, AIK is auto ignition of a kernel, and PC marks the parasitic combustion.

The CC region occurs due to chemical reactions happening after the detonation wave has
passed. CB occurs when the fresh reactants come into contact with the products. The BR
occurs when no chemical reactions occur. In Figure 5, the BR region is between two CB

regions [8].

Figure 5. OH PLIF visualization of detonation wave in racetrack RDE. [8]

Another way researchers have gained optical access to an RDE is making the
RDE entirely out of quartz [9]. Cho [9] performed OH chemiluminescence within the
quartz RDE using a high-speed camera. A second high-speed camera is used to study the
wave dynamics at the top of the RDE. For this study, ethylene-air was used. The
equivalence ratios all varied slightly around one. Lift-off occurred for the ethylene-air
mixture due to poor mixing. The region between the detonation wave and the oblique
shock was noted for its low temperature. The low temperature region was caused by left-

over products quenching from the previous RDE cycle [9].
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2.4 Linear RDEs

Linear RDEs can be thought of as an RDE which has been ‘unwrapped’. Figure 6
is an example of an RDE that has been unwrapped [10]. The reactants are supplied
axially, passing through the injection boundary. The detonation wave flows in the x
direction. The wave itself can leave the linear portion in both the x and z direction. One
of the reasons for using a linear RDE, instead of a normal RDE, is to gain optical access

to wave dynamics in an RDE.
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Figure 6. Schematic of a linear RDE [10].

Burr and Yu [10] studied a linear RDE with the purpose for analyzing the flow
structure of a detonation in an RDE like environment. Their specific linear RDE was built
with the purpose of simulating a six-inch RDE. Layout of the RDE is featured in Figure
6. Injection holes are at the bottom. The image on the left is the plane in which the
detonation travels through. The detonation travels in the x-direction with new reactants
being pumped in the z-direction. The image on the right is the plane in which the

detonation exits. The linear RDE ran on ethylene and oxygen [10].
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Images were taken using high-speed Schlieren and shadowgraph imagery. Results
of the experiment detailed regions on the detonation wave before and after passing over
the reacting gas. These results are shown in Figure 7. The numbers in the left image in
Figure 7 detail the region of the detonation wave. The region | is the background gas,
region 11 contains the reactant-cross flow, region 11 is where the reacted gas is, region
1V is background gas that has experienced a shock wave. The letter A marks the
detonation front, while the letter B marks the oblique shock wave. The letter C marks
where the reacted gas and unreacted gas interact, the letter D marks where the purged gas
and the reactants interact, and the letter E marks the shocklets that occur in region V.
Last, the letter F marks the transverse waves. Transverse waves are found in the image,
which indicates the existence of triple-points. Detailing where the triple points were and
determining the cell size was not possible in this rig configuration. The reason for the
inability to determine cell size is the ability of the transverse waves to travel in three

dimensions [10].

Figure 7. Image on left is Schlieren image of detonation in Linear RDE, image in the
middle is shadow graph of the same detonation, and image on right is cartoon drawing
with labels indicating regions of the detonation. Figure taken from [10].
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A pDE is an RDE connected to a linear channel. Sosa [11] describes the purpose
of the pDE is to produce repeatable detonations at a high frequency through the linear
channel. Chambers [12] used the pDE to study how turbulence intensities affect the
detonation wave propagation dynamics. To create the turbulence, a castellated obstacle
(such as a nut or bolt) was added to the linear portion. Her research used hydrogen-air,
with equivalence ratios varying but mass flow held at a constant 2 1b/s. Conditions found
in the RDE portion were the same in the linear portion. For imaging of the linear portion,
Schlieren was used along with a high-speed camera operating at 30 kHz. Images of the
linear portion without the castellated objected were compared to images with the
castellated object inserted. Figure 8 depicts the comparison of the two different
configurations. The image on the left corresponds to the run without the castellating
object inserted into the linear portion of the pDE, and images on the right correspond to
the castellated run in the linear RDE. Both ran hydrogen-air at stoichiometric conditions.
The only noticeable difference between the baseline run and the castellated run were the

reacting jets found in the turbulent run [12].
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Figure 8. Detonation wave produced in linear section with and without turbulence.
Sequence of images is in descending order. All images appear cut in half due to the strut
on the window [12].

2.5 2-D Linear Channels

Detonation tubes are used to find information pertaining to the detonation cell size
and ultimately their structure. Cell structures can be identified by using soot foils or
Schlieren imaging. Figure 9 is a diagram of a shock tube from Fugger [13]. Fuel and
oxidizer flow into the tube and are ignited by the spark plug. The flame then undergoes a

deflagration to detonation transition (DDT) process, allowing a detonation to be image in

the optical portion [13].
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Figure 9. Schematic of a detonation tube from [13].

Two-dimensional channels are designed in a way in which the transverse waves
cannot travel in the third dimension. The reason for constricting the transverse waves is
to get an accurate description of the cell structure. The majority of two-dimensional
channel research has been conducted on a large-aspect-ratio channel at the Narrow
Channel Facility (NCF). The aspect ratio at the NCF was 8.44 with the actual dimensions
being 152mm by 18mm. NCF also uses eight different detonations to create their
detonation front. The reason for doing this is to reduce the length of the detonation tube

[14,15,16].

The triple points in the shock wave are what create the cells. Figure 10 shows the
diagram of how triple points occur with labels for other significant features. Figure 10
also contains a soot foil of 2H>-O2-17Ar with the cells showing. Triple points occur due

to the transverse waves colliding with one another. These transverse waves move
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perpendicular to the detonation wave. Transverse waves can move up and down
throughout the wavefront, allowing collisions to happen. After these collisions occur,
gasses can form behind the Mach stem, slowing the localized wave velocity until another
triple point occurs, speeding up the local wave. Soot foils can be used to capture the cells
of the detonation. The regularity of the cells in the soot foil can help qualify the stability
of the detonation [16]. Figure 11 shows images of a detonation wave propagating down
the narrow channels sequentially. The mixture was 2H>-O>-17Ar at a pressure of 20 kPa.

The FOV of the image is 138 mm while time between images is 1.7 us [15].
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Figure 10. (a) is cartoon of the detonation structure (b) is a soot foil showing the cells of
a detonation [16].
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Figure 11. Detonation wave propagating down the narrow channel [15].

Stability of the wave can be determined through visual inspection. Figure 12
presents detonation waves in decreasing stability. Wave separation can lead to a Mach
stem, and keystone formation. Figure 13 shows development of the Mach stem and the
keystone sequentially. Images are taken 10.1 us apart. Formation of the Mach stem can
be examined in frames (b) and (c). Further separation occurs in frames ¢ and d until the
transverse waves hit the top of the tube. A keystone structure development can be
examined in frames f and g. Figure 13 is under the same conditions as Figure 12, frame

(e). It is considered moderately unstable with a mixture of 2H2-02-5.7N2 [16].
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Figure 12. Chemiluminescence of detonation waves in order of decreasing stability with
(a) being the most stable and e being the most unstable. [16]

Figure 13. Chemiluminescence of an unstable detonation wave propagating down the
narrow channel. [16]

Unlike the NCF, Cho and Fugger [13,17] used one detonation in their narrow
channel. Their detonation channel was 12.5mm by 12.5 mm. Cho [17] used both
formaldehyde PLIF and PIV to visualize the detonation wave front in a linear detonation
tube. Both PLIF and PIV were performed separately for this experiment. PLIF was
performed using 355 nm, burst-mode laser. A bandpass filter of 380-420nm was used to
spectrally select the chemiluminescence signal, and a high-speed camera was used to

capture images. PIV was done using a 532-nm pulse and CMOS camera. Cho performed
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line of sight chemiluminescence to image the detonation wave moving from top to
bottom in Figure 14. Figure 15 is an image from Figure 14 with an edge detection
algorithm performed. The shear layer can be seen with the separation occurring. Even in
the small 2-D channel, unburned pockets of fuel can be examined. The curve of the Mach

shock can be seen using the edge detection, as well as the incident shock.

Shear
layer

Unburned
gas pockets

Figure 14. Image is of Formaldehyde PLIF performed on a detonation in the linear
detonation channel. Detonation is moving from bottom to top in image [17].
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Figure 15. Detonation wave with edge detection algorithm applied [17].

Physical soot foils are not always needed to see the cells of a detonation. Optical
soot foils can be created as well. Fugger [17] created these optical soot foils through use
of Chemiluminescence and PIV. Figure 16 is an example of an optical soot foil from
Fugger. These optical soot foils are created by taking the peak intensity of the transverse
waves and combining all these peak intensities during specific time intervals. All images
were taken using a Shimadzu camera operating at the 1-10 MHz range. The mixture in
the detonation tube was nitrous-propane at stoichiometric equivalence. Even though the
detonation tube was considered 2-D, the transverse waves still traveled in all three
directions. The highest intensities did not necessarily correspond to the triple point

locations do to the three-dimensional nature. The cells in the figure do not necessity have
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the diamond shape typical of a cell due to ambiguity of where the triple points occurred

[17].

(b)
Optical Soot Foil:

5 mm

Figure 16. Optical soot foil formed at 10 MHz [17].

Cho [18] applied two color PLIF to the 12.7mm by 12.7mm linear channel. Two
color PLIF was chosen due to its ability to work in a wide-range of operating conditions.
Two-MHz chemiluminescence was also used during the experiments to assess the
detonations’ quality. The molar fraction for the experiment was maintained as
2H2+0,+3D, with D being either Nitrogen or Argon. Nitrogen and argon acted as the
diluent/seed for the experiment. Figure 17 shows the chemiluminescence of the
detonation diluted with Argon. Figure 18 shows the chemiluminescence diluted with

Nitrogen. The argon-diluted detonation wave presented a uniform detonation wave front,
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with the wave being straight. The detonation wave diluted with nitrogen was non-

uniform, with the wave front being jagged.
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Figure 17. Image is of detonation front in the linear channel using argon as the diluent.
Detonation wave flows in the positive y-direction [18].
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Figure 18. Chemiluminescence imaging at 2-MHz of the detonation wave with nitrogen
as the diluent. Wave moves in the positive y-direction [18].
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To examine how cell size is affected by the ratio of diluent and oxygen, the ratio
was varied for both nitrogen and argon. Changing the ratio of argon to oxygen did not
significantly change the cell size. Varying the ratio of nitrogen to oxygen did affect the

cell size. Figure 19 shows the results of the variation. [18]
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Figure 19. Comparison of cell sizes for nitrogen and argon diluent [18].

2.6 Wave Dynamics

The main component of an RDE is the detonation wave rotating around an
annulus, meaning that the detonation wave must behave according to the physics of an
oblique detonation. These physics introduce some complications. Rotating around can
lead to wave death but also lead to the wave increasing wave speed. The inner radius of
the wave can lag the outer wave at one instant, but then suddenly be leading based on
interactions among the transverse waves. There are three different regimes of stability for
a wave circulating an annulus: stable, unstable, and critical [19]. Figure 20 is a diagram

of a detonation wave propagation in the curved channel. Figure 21 is an image showing
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how a stable detonation wave propagates down a curved channel. The reason the inner

portion of the wave is slower than the outer portion of the wave is due to the expansion

waves from the inner wave [20].
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Figure 20. Geometry of how a stable detonation propagates around a curved channel
[20].
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Figure 21. Diagram of how a stable detonation wave propagates down a curved channel
[20].

Kudo[19] studied these oblique waves and how they propagated around
rectangular tubes in a circle. Wave speeds were determined using piezoelectric sensors,
and speeds were compared to the results from the high-speed camera. Figure 22 shows
stable and unstable waves propagating at different radii. Lower radii and lower pressures
produced unstable waves. Figure 23 is a graph of how the non-dimensional detonation
speed varies for the three regimes as a function of wave angle. The non-dimensional
variable is found by non-dimensionalizing the perpendicular detonation velocity by the

detonation velocity found in the straight portion of the tube [20].
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Figure 22. Images are of detonation wave fronts that have been over-lapped. Images 9,
11, 12, 141 15 are steady waves. Images 1-8, 10 and 13 are unsteady detonations [19].
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Figure 23. Non-dimensional detonation speed vs. wave angle for stable, critical, and
unstable waves [19].
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Inner waves can run at slower speeds than the CJ point. The inner wall detonation
speed is slower due to the expansion wave [19]. The expansion wave causes the
detonation velocity normal to the wave to decrease. The expansion wave effects are
closest to the inner radius, meaning the detonation wave speed in a stable wave will be
the smallest at the inner radius [20]. Figure 24 shows the inner wall velocity versus the
angel of the wave. The rapid increase in velocity for the radius of 10 mm and 5 mm is

attributed to the wave reinitiating [20].

3000_‘ T T T T T T T T

2500 4 V= 2342 m/s ]

d T
L -ﬁ#'ﬁ A
- ﬁ; A LA e
2000 -_ ‘ \ \/ A/& . \m/% ‘l o VCJ_
@ [ 2 < //)‘\ /A l\ g
£ 1500 06 Vgy ¥ . ]
€ f T \E&
1000 [ & .
[ -&— = 5mm
I o— f=10mm T
500:-5— f|=20mm . = — E
I e = 40 mm speed up with reinitiation
B 5=60mm

1 1 1 1 1 1 1 1
0 30 60 90 120 150 180 210 240 270
6[degree]

Figure 24. Inner wall detonation velocity vs. angel of the wave [20].

Figure 25 shows a re-initiation event through chemiluminescence of an unstable
detonation [21]. The equivalence ratio was 1.2 for a hydrogen-air mixture. The frame rate
was 10,500. Frames VI and VI are quite important as they show the inner wave lagging
behind and then catching up. After the re-initiation event, the inner wave catches up with
the outer wave, allowing the detonation take up the full channel width. An oscillating

behavior can be observed before the wave had been reignited. This oscillating behavior is
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caused by the wave of the inner radius diffracting and extinguishing. Once the diffracting

wave glances off the outer radius, reignition can occur.

Figure 25. Chemiluminescent of a detonation in a curved channel at 10,500 fps.
Detonation was classified as unstable. Detonation was hydrogen-air with equivalence
ratio of 1.2 [21].

Cells can be observed in the detonations through use of photography techniques
such as short-time open shutter photography (SOP). SOP works by having the exposure
time be of a few microseconds. Through this method, only the triple points are imaged.
Multi-frame SOP occurs when SOP is performed for each frame. This allows the images
to be superimposed, allowing the full cell-structure to take shape [20]. Figure 26 shows
MSOP on stable, critical, and unstable detonation. For all images in Figure 26, the radius
was 40 mm. Cells structure vary widely depending on what regime the wave is operating

[20].
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Figure 26. Cell structure of three different regimes of a curved detonation. Figure (a) is
stable, (b) is in critical mode, and is in unstable mode. All figures had a radius of 40 mm
[20].

I11. Methodology

3.1 Pre-Detonator, Pre-Mixed Two-Dimensional (2-D) Channel
The purpose of the pre-detonator, pre-mixed 2-D channel is to further the research

on two-dimensional detonation waves. Previous research has been done using the Narrow
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Channel Facility (NCF) [14,15,16]. The purpose of making a channel two-dimensional is
to force the transverse to only move left, right, and down the path of the detonation wave,
ultimately suppressing the transverse waves. Making the waves as such will enhance the
structure of the detonation allowing further study on cell sizes and the movement of these
transverse waves. Additionally, the line-of-sight optical methods used in this research
integrate in this third spatial dimension. By constraining the flow path to the two
dimensions perpendicular to the optical path, a major source of error is eliminated. The
rest of Section 3.1 will discuss the method on which the 2-D channel has been

researched.

3.1.1 Shock Tube Set-up

The detonation tube set-up was similar to Fernilius [22] and Gribs [18]. Alicat
flow controllers were used to control the gases for the experiment. The fuel, oxidizer, and
diluent were then mixed. Once mixed, the gases passed through a flame arrestor. After
the flame arrestor, a spark plug ignited, causing deflagration. A deflagration-to-
detonation (DDT) spiral was placed after the spark plug, initiating the detonation process.
A view port was placed further downstream allowing placement of a photodiode to act as
a trigger for the timing control and data acquisition system. The detonation then passed
through a transition section, an extension section in some cases, and then the optical test
section.

A transition section was created to bring the detonation from quarter-inch tubing
to the rectangular-shaped test section. The transition section was made from stainless

steel. The transitional section starts from a quarter-inch circle in cross section and then
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diverges into an opening of 2 inches in length and 0.25 inches in width. The angle used to
diverge the shock was 8 degrees. The transition section can be attached to the test section,
or the extension through use of screws. The transition section was matched with the test
section or the extension by use of screws and locator pins. Figure 27 presents the

transition section.

Figure 27. Transition section

The purpose of the extension was to allow more length for the detonation to stabilize. The
extension overall was 12 inches in length, machined using stainless steel, and located
between the transition piece and test section. The channel inside the extension possessed
the same dimensions as the end of the transition and the test section which were 2 inches

in length, and 0.25 inches in width. Not all test cases utilized the extension. Figure 28
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shows a CAD model of the extension. The extension also features four holes for ion
probes. The ion probes are located evenly through the 12 in length on the wide side of the
extension. The timing difference, or ‘delta t’ of the ion probs was recorded between the

first and fourth ion probs.

Figure 28. Extension (ion prob location not shown)

The channel had width of 2 inches and a length of 0.25 for an aspect ratio of 8.
The channel ratio of was based off of previous 2-D channel work using the NCF
[14,15,16]. The length of the detonation test section was 6 inches with a width of 2
inches. The window of the channel was made out of quarter-inch-thick quartz. The
window was held in place by room-temperature-vulcanizing (RTV) silicon. The window
was 1 in in length and width. The test section was made out of four different parts held

together by screws and locator pins. The purpose of using different parts was to allow the
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placement of the optical window. The window was held in place by use of RTV. Figure

29 presents the test section design.

Figure 29. Test section

For the tests that utilized only the transition and test section configuration,
ethylene, hydrogen, and air varied throughout the run. It was also diluted with either
nitrogen or argon. Dilution of Argon and Nitrogen maintained 20.7% through all cases
when compared to air. Overall dilution varied throughout test cases. The comparison of

the data was done using percentage of hydrogen fuel used. Table 1 presents the test cases.
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Table 1. List of test parameters for 2-D test section without extension.

Test H» CoHa 02 N2 Ar H2 Fuel Overall
[SLPM] [SLPM] [SLPM] [SLPM] [SLPM] Percent | Dilution
1 18 0 9 7 0 100% 21%
2 12 1 9 7 0 92% 24%
3 6 2 9 7 0 75% 29%
4 0 3 9 7 0 0% 37%
5 3 2.5 9 7 0 55% 33%
6 0 3 9 0 7 0% 37%
7 3 2.5 9 0 7 75% 23%
8 6 2 9 0 7 75% 29%
9 12 1 9 0 7 92% 24%
10 18 0 9 0 7 100% 21%

Argon and nitrogen dilution were done for hydrogen, ethylene, and mixed-fuel
blends. Argon dilution was only done with ethylene. For these experiments, the ion probs
were plugged and not recorded. For the nitrogen dilution, three ion probs (first, second
and fourth ion probs) were in place but only the time between the first and fourth were

recorded. Table 2 through Table 7 list all test conditions using the extension.

Table 2. Extension test conditions for shadowgraph ethylene-oxygen diluted with argon.

CoHa o)) Ar

(Mol) (Mol) (Mol)
1 3 9
1 10
1 8 6
1 3 3
1 3 0
1 3 0
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Table 3. Extension test conditions for shadowgraph ethylene-oxygen diluted with

nitrogen.
C2Hg 0> N2
(Mol) (Mol) (Mol)
1 3 0
2 6 2
2 6 6
2 6 7
2 6 10

with nitrogen.

Table 4. Extension test conditions for shadowgraph hydrogen-oxygen detonation diluted

Ha (0)) N2

(Mol) (Mol) (Mol)
8 4 8
8 4 10
8 4 6
8 4 4
8 4 4
8 4 2
8 4 0
8 4 0

Table 5. Extension test conditions for shadowgraph mixed fuel oxygen detonations

diluted with nitrogen.

H» CoHa 02 N2
(Mol) (Mol) (Mol) (Mol)
0.5 1.5 4.75 4,75
1 1 43,5 35
3 1 4.5 4.5

Table 6. Extension test conditions for vertical Schlieren mixed fuel oxygen detonations

diluted with nitrogen.

Ha CaHa 02 N2

(Mol) (Mol) (Mol) (Mol)
0 2 6 6
0 2 6 8
0 2 6 0
0.5 1.5 4.75 4.75
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Table 7. Extension test conditions for horizontal Schlieren mixed fuel oxygen
detonations diluted with nitrogen.

H» C2H4 (o)) N>
(Mol) (Mol) (Mol) (Mol)
0 2 6 8
0 2 6 0
0 2 6 0
0 2 6 8

3.1.2 Optical Setup

Schlieren and shadowgraph were performed using a Cavilux laser for the light
source. The laser diameter was controlled by an adjustable iris. The laser light was then
shined through a 55-mm focal-length lens to collimate the light. The collimated light then
passed through the test region. After passing through the test region, the light traveled to
a 150-mm focal-length lens. For the case of shadowgraph, the light was then sent to the
lens on the Shimadzu camera. For Schlieren the light was cut with a knife edge (done
both vertical and horizontal) and then passed to the lens on the Shimadzu. The images
were then recorded using the Shimadzu camera. Figure 30 is the general optical setup.

For Shadowgraph the knife edge was not present.
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Figure 30. Optical Schlieren Setup.

Shimadzu

The Shimadzu camera was used to image the windowed test-section. The camera

only captured a portion of the test-window while imaging. To combat this, the camera

was calibrated placing a clear ruler in the test section and imaging it before the test series.

The test series used various different imaging techniques. Imaging techniques applied

were Schlieren, shadowgraph, and chemiluminescence. The size of the images were 250

x 400 pixels?. The framerate utilized without the extension was 2 MHz. The framerate

used with the extension was 5 MHz and 10 MHz. The exposure time was 200 ns when

not employing the extension and set to the minimum value when employing the

extension. Figure 31 is an example of the shadowgraph at these settings.
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Figure 31. Shadowgraph of a detonation in 2-D section.

3.1.3 Calculation of Detonation Speed

A MatLab computer code was created to calculate the speed of the detonation
wave inside the 2-D channel from the shadowgraph imagery. Frames possessing the
detonation wave front were read into the code. The detonation wave front was identified
and isolated in each frame. The speed of the detonation was calculated from the change
in the location of the wave front.

Background subtraction was performed by averaging the first four images in an
image set and considering the average the background. The background was then
subtracted from each image in the detonation set. Figure 32 is an example of background
subtraction. Isolation of the wave front first consisted of using the Sobel operators.

Convolution was performed to output the edges produced from the Sobel operators.
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Equation 3.1 and 3.2 shows the Sobel operators convolved with the image fx. To produce
the new images with the edges the magnitude squared of both outputs of the Sobel

operators is taken. This is shown in Equation 3.3 [4].

-1 0 1
gx=-2 0 2xf; (3.1)

-1 0 1

-1 -2 -1
gy= 0 0 0x*fy (3.2)

1 2 1

9= (607 + (5, (3:3)

A binary image of the lines was produced by thresholding the Sobel image by 0.1
of the max counts intensity. Figure 33 is an example of the Sobel threshold. A median
filter of either 3 x 3 pixels?, 5 x 5 pixels?, or 10 x 10 pixels? were applied to create a so-
called ‘blob’ of the wave front. To further isolate the detonation wave, wave blob
tracking was applied which is also known as connected components extraction. This
method works by having an array A containing one or more set of connected
components. The array forms Xo which contain the values of 0’s for background
components and 1’s for foreground components. The objective is to find all the connected
components of 1’s starting with Xo. The iterative equation to find these regions are

presented in Equation 3.4 [4].

Xk = (Xk_l@B)ﬂA k= 1,2,3, (3.4)
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Where B is a structuring element and Xk is all inputs of the image [4]. Figure 34 is an
example of the median filter. Figure 35 is an example of detonation isolation. A blob with

an area above 500 pixels was considered the detonation wave and only blob kept in

image.

Figure 32. Background subtraction performed on same image as Figure 31.
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Figure 33. Sobel Threshold applied on Figure 32.

Figure 34. 3 x 3 Median filter applied to Figure 33.
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Figure 35. Noise reduction of only detonation present of Figure 34.

To find the location of wave front, the code iterated through the locations in the x-
direction and then the y-direction. The last value were a non-zero values was presented
was recorded as the location of the detonation in the column. The change in pixels of the
location detonation wave was used to determine the velocity of the wave. The change in
pixels between the detonation wave front was multiplied by the resolution and then
divided by the frame rate. Equation 3.5 is how velocity is calculated with Ay being the

change in pixels in the y-direction.

velocity = Ay * fps/resolution (3.5)
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To better track the detonation wave speed across the wavefront, the detonation
was divided into five different regions. The regions were split into five identically sized
vertical strips. The mean value of the speed was recorded based on the region. From each
region, the mean value of all five regions became the average speed of the detonation
wave. All regions and detonation average value were plotted for comparison. Figure 36 is

an example of detonation wave speed in the 2-D channel.
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Figure 36. Example of detonation speed.
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3.1.4 Soot Foil Formation and Cell Size

Detection of the triple point location followed the velocity code up until the actual
velocity was calculated. The triple points were located by locating the local minima in the
detonation wave front. Local minima of the wave front are found with a prominence of
two. These local minima generally correlate to a triple point location. The median filter
used were either 5 x 5 pixels? or 10 x 10 pixels?. The code only works when the frame
rate is 5-10 MHz in fps because of the Nyquist sampling limit criterion. Figure 37 is an
example of a soot foil produced from a data set taken at 10 MHz. The width of the cell
was calculated by locating the diamond shape pattern and finding the location difference

of the horizontal tips. This method was done visually only.
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Figure 37. Example of soot foil taken at 10 MHz with a 5-x-5 pixels median filter.

3.1.5 Detonation Wave Thickness

The detonation wave thickness was determined by following the same method as
the velocity code. The only difference was that a median filter of 5 x 5 pixels?, or 10 x 10
pixels? was used. The code works by using the same algorithm to determine the location
of the wave front and finding the last non-zero number. The code also uses another
algorithm to locate the first occurrence of a non-zero number in the y-direction. The
thickness is determined by the difference in the location of the end and beginning of the
detonation wave front. Equation 3.6 is how the detonation thickness is calculated per

frame.
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i=1 \j=1
249

_ z S(FG ) — D6, j —1))j | | * resolution
& (3.6)

Where f(i,j) is the pixel value of the image in that index. N is the number of values in the
x-direction of the binary image. This thickness is then averaged across the wave. It is
furthered averaged across the data set of the wave. This method can only be applied to

shadowgraph.

3.2 Study of Detonation Travel through a Rectangular Tubed Curved Channel

The purpose of this section of study is to simplify the study of how detonations
travel around the annulus of a combustor. For this study, rectangular tubed curved
channel resembling a horseshoe shape is utilized. Work specifically using the Horseshoe
test section shape has been researched previously [21]. The remainder of Section 3.2

consists of how the study was conducted.

3.2.1 Horseshoe Rig Set-up
To study how detonations behave while rounding a curve, curved tubes of

rectangular cross section are used. The rectangular round tubes are constructed using
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carbon steel. There is a run-up straight section before the curved portion, giving the shape
of a horseshoe. To contain the detonation, the steel is placed between two sheets of half-
inch-thick polycarbonate. The polycarbonate is clear, allowing optical access to the
detonation. Figure 38 is a schematic of the horseshoe detonation channel. A pre-detonator
is used to create the detonation wave. The DDT obstacles are placed to ensure the
formation of the detonation wave. The length of the run-up section is ten times the
channel width, allowing time for the detonation to form. The pre-detonator and the

exhaust were both open to the atmosphere.

Detonation
Channel

T~ Image

r Reference
Chw

> Points
\ Channel /

R
10xr,,, Width /

/ Exhaust
0 v

v 5% >
— O N ppT
Reactant/w_ Obstacles

Fill

Figure 38. Schematic of Horseshoe Test Section [21].

The Rj and Ro were varied. For the cases using ethylene the Ri/Ro ratio were held

constant at 4/5. For the cases using hydrogen, Ri and Ro varied as well as the ratio. Table

52



8 shows the test section geometry for the ethylene cases. Table 9 shows the test section
geometry for all the hydrogen cases.

Table 8. Ethylene Test section Geometry

Test-Section Inner Radius of | Outer Radius Detonation Ri/Ro
Curve, R [in] of Curve, Ro Channel Width,

[in] [in]

C1 6 7.5 1.5 0.800
C2 8 10 2 0.800
C3 9.6 12 2.4 0.800

Table 9. Hydrogen Test Section Geometry

Test-Section Inner Radius of | Outer Radius Detonation Ri/Ro
Curve, R [in] of Curve, Ro Channel Width
[in]
Cc1 5.02 6 0.98 0.837
Cc2 4.65 6 1.35 0.775
Cc3 4.25 6 1.75 0.708
ca 7.53 9 1.75 0.837
(6) 6.98 9 2.02 0.776
C6 6.37 9 2.02 0.708
c7 10.04 12 1.96 0.837
Cc8 9.3 12 2.7 0.775
Cc9 8.49 12 3.51 0.708

Equivalence ratio (®) varied between 0.7-1.8 for ethylene-air. The cell sizes were
calculated from the data provided by the Cal Tech database using Knystautas [23] data
set. Interpolation of the cell sizes were used to calculate the equivalence ratios not found
in the Knystatus [23] data set. Allicat flow controllers were used to control the overall
flow rate and equivalence ratio of the gases flowing into the horseshoe detonation

channel. The error rate of the flow controllers was +£0.05 of the equivalence ratio. Table
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10 presents the cell sizes of the equivalence ratios for the ethylene experiments with their

error provided.

Table 10. List of tested Equivalence ratios with their calculated cell size.

Equivalence Ratio Cell Size (in) tError (in)
0.7 241 1.37
0.8 2.20 0.29
0.9 1.43 0.48
1.0 1.02 0.21
1.1 0.85 0.04
1.2 0.93 0.05
1.3 1.04 0.07
1.4 1.18 0.07
1.5 1.30 0.06
1.6 1.48 0.22
1.7 1.92 0.23
1.8 2.28 0.12

For the hydrogen data set, the equivalence ratio varied from 0.5-2.0. Cell widths were
calculated from the data provided by the Cal Tech data base. The data sets used to
calculate these widths were Tiezen [24] and Circcarelli [25]. Linear interpolation through
the data set were used to calculate the cell sizes. Error was calculated based on the Alicat
flow controllers possessed an £0.05 equivalence ratio error. Error was calculated by
subtracting the largest cell size created by the + 0.05 equivalence ratio from the actual

and then taking the absolute value. Equation 3.7 presents how this was done.

Error = |Cellsize,— max (Cellsize,q gso)| (3.7)

Table 11 presents the cell widths with their errors.
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Table 11. List of tested Equivalence ratios with their calculated cell size.

Equivalence Ratio Cell Size (in) tError (in)
0.5 4.14 4,98
0.6 1.63 1.22
0.7 1.00 0.31
0.8 0.43 0.26
0.9 0.38 0.02
1.0 0.33 0.02
1.1 0.33 0.00
1.2 0.33 0.00
1.3 0.33 0.00
1.4 0.34 0.00
1.5 0.34 0.00
1.6 0.36 0.04
1.7 0.43 0.04
1.8 0.51 0.04
1.9 0.59 0.04
2.0 0.67 0.04

3.2.2 Optical Set-up

Ethylene data of how the detonation propagated around the radius were obtained
via video imaging of the combustion chemiluminescence. The camera used was the
Phantom 711. Figure 39 shows how the camera was setup in relation to the test-section.
The camera was paired with the lens of either 50- or 35-mm. The aperture of these lenses
was either f/1.8 or f/2.2. No wavelength filters were used. The Phantom camera recorded
the chemiluminescence data in a 16-bit monochrome video. The video had a resolution of
256 x 352 pixels?. The exposure time was 0.5 ps. After the videos were recorded gamma
and gain corrections were performed in the Phantom camera video application to correct

image brightness.
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Figure 39. Setup of Phantom v711 in relation to test-section.

Hydrogen data was also obtained using chemiluminescence imaging using the
same Phantom 711. The Phantom camera used the 35-mm lens with no wavelength filter.
The aperture for the lenses were either f/1.4 or f/2.2. The resolution for the recording
varied. The resolution of the video was 688 x 544, 608 x 592, or 592 x 512 pixels?. The
exposure time was 1 us. After videos were recorded, gamma and gain corrections were

made to image brightness using the phantom software.

3.2.3 Calculation of Detonation Speed
Analysis of the images were done visually and computationally. Visual
comparison of the leading and lagging wave helped identify the wave classification. To

calculate the speed of the inner and outer wave, a Matlab computer code was created.
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The code first isolated the detonation wave front for each image in the series. A
threshold between 3000-7000 counts intensity was applied to create a binary image of the
detonation wave front. A ‘blobs’ method (Equation 3.4) of tracking was applied to detect
the binary detonation wave front. To discriminate the detonation wave front from noise,
the area of the blob must have been greater than 100 pixels or it was rejected as noise.
The location of the detonation wave front in the image is then recorded. All images
possessing the detonation wave front had their location recorded. Figure 40 is an example

of how detonation wave front is isolated.
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Figure 40. Example of isolation of the detonation wave front.

From the stored locations of the detonation wave front, the Taubin fit was applied

to locate the origin of the horseshoe. The code used for the Taubin fit was coded by

Chernov [26]. The Taubin fit also provided the radius of the horseshoe in pixels. The
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radius provided was from the center of the channel width. The resolution of the image
was calculated from the radius provided in pixels. Ro and Ri were calculated into pixels
from known values. From these calculations, an outer radius polar mesh and an inner
radius polar mesh were created. Each bin of the mesh correlated to one degree. Both
polar mesh widths consisted of 1/3 of the channel. Figure 41 is an example of the polar

mesh.
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Figure 41. Example of the polar mesh applied

Before data can be placed into the bins of the mesh, a window was applied. The

purpose of the window was to assist with noise suppression. The location of where the

window was applied was based of the location of where the detonation wave front was
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located. The window size ranged from 50 pixels in width to size of the image, depending
on level of noise suppression was needed.

An image was created using all the polar meshes from each frame. The bins of the
mesh were created by the polar coordinates of the mesh. The cartesian coordinates were
first shifted so that the origin was at (0,0) for the shifted graph (Equations 3.7, 3.8). From

here, all points were converted to polar coordinates by Equation 3.9.

v =x — origin, (3.7)
d = origin, —y (3.8)
d .
0 =tan™?! (—) (3.9)
v

Where v is the new shifted x-component, d is the shifted y-component and 6 is the
degrees in the polar coordinates, originy is the x-axis location of the origin, and originy is
the y-axis location of the origin. The radius of the mesh were known values from the test-
section dimensions. Each column of the image corresponded to the specific values of the
mesh. Before placing the data into the bins, a second threshold on the main image was
applied. For the ethylene data this threshold was the same as the threshold used to detect
detonation wave front. For hydrogen, this threshold was about 1000 counts intensity
above the threshold used to detect the wave front. All columns were normalized using the

max value of the mesh in the given windowed frame. A binary image was created by
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thresholding the normalized bins by the values of 0.04-0.06. Figure 42 is the original
polar mesh image and Figure 43 is the binary image. The y-axis of the image was the

degrees of the mesh, and the x-axis was the time of the frame.
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Figure 42. Example of polar mesh image. X-axis is frame number and y-axis is degrees

(6).
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Figure 43. Example of binary polar mesh image. X-axis is frame number and y-axis is

degrees (0).

The speed of the inner and outer waves was calculated using the binary image. To
determine where the wave is using the binary image, the last bin with a non-zero number
was declared the location of the wave in the bin. The change in degrees between frames
and the resolution was used to calculate the arclength the wave traveled. From there, the
change in arc length was multiplied by the frame rate of the camera to provide the
detonation speed of both the inner and outer wave. Equation 3.10 is how speed across the

arc is calculated.

D (M) 2
= E3 *
360 nr * fps
(3.10)
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With r being either the known values of the inner or outer radius. The speed of the waves
in the arc were then normalized by the speed coming from first straight portion (Dst) of
the test section. The speeds in both straight portions were calculated by looking for the
last one occurring in the binary image and claiming the one as the location of the wave.

Figure 44 is an example of what the code outputs.
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Figure 44. Example of detonation speed.

IVV. Analysis and Results

4.1 Analysis of 2-D Predet Channels
Section 4.1 contains all data concerning the two-dimensional pre-mixed pre-
detonation channels. The purpose of this research was to study how detonations behave in

a two-dimensional plane. The first phase of testing consisted of only the test-section
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connected to a shock-tube. The second phase of testing had the test-section with an

extension connected to a shock-tube.

4.1.1 Results from the Test-Section Without an Extension

For the 2-D channels, the fuel was a mixture of hydrogen and ethylene. The
amount of oxidizer remained a constant at nine moles. The amount of diluent (nitrogen
and argon) remained a constant at seven moles. The amount of hydrogen and ethylene in
moles were tailored to maintain a stoichiometric equivalence with oxygen at nine moles.
Test cases varied based off of percentage of hydrogen as fuel. The approximate hydrogen
proportions for these cases were 100%, 92%, 75%, 55% and 0%. The exact molar
volumes are listed in Section 3.

All imagery data taken for this experiment were collected by the Shimadzu
camera using the shadowgraph technique. Shadowgraph behaves like Schlieren but
instead is the second derivative in the images (while Schlieren is the first). The camera
frame rate was set to 2 MHz. The spatial resolution for all the images was found to be 23
pixels/mm. Image resolution was 250x400 pixels”2. The images were broken up into five
regions to better track the wave velocity throughout the image.

Only a portion of the entire test region (50.76 x 50.76 mm”2) imaged by the
Shimadzu camera. Keeping the resolution constant, the entire test region would require
1168 x 1168 pixels, but the camera is limited to 250 x 400 pixels were captured. The
regions are orientated so that region 1 is the area closest to the center of the test region,
while region 5 is closest to end of the test region. Each region is 50x400 pixels. This

translates into the region being 2.17 x 17.39 mm”2.
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Detonations with the nitrogen dilution did not have a straight detonation wave-
front. When compared to argon dilutions, the nitrogen wave front was not as uniformed
across. This can be explained by nitrogen dilution causing an increase in the cells in the
detonation cell size compared to the argon cases. Figure 45 is an example of a detonation
diluted with nitrogen. The percentage of hydrogen in the fuel blend was 55%. Figure 46
is an example of a detonation diluted with argon with the same percentage of hydrogen in

the fuel blend.

Figure 45. Shadowgraph of detonation with nitrogen-dilution with 55% hydrogen fuel.
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Figure 46. Shadowgraph of detonation with argon-dilution with 55% hydrogen fuel.

For this section wave stability was studied based on the velocity calculated. The
data from the detonations diluted with nitrogen produced the more unstable waves when
compared to the argon dilution. Figure 47 presents the velocity data for 55% hydrogen
fuel diluted with nitrogen. Figure 48 presents the velocity data for 55% hydrogen fuel
diluted with argon. These two figures are examples of what is generally found in the rest
of the data. Runs diluted with nitrogen had more instability in their velocity when
compared to argon. Runs diluted with Argon velocity had better grouping, with their

mean velocity data almost forming straight line.
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Figure 47. Velocity of the detonation wave in all five regions. Data is from 55%

hydrogen fuel with the nitrogen diluent.
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Figure 48. Velocity of the detonation wave in all five regions. Data is from 55%

Hydrogen fuel with the argon diluent.

The mean velocity for all regions and all data sets were calculated. Table 12
contains all mean velocity data for the nitrogen diluted runs with varying ethylene and
hydrogen. Higher percentages of hydrogen fuel resulted in faster the detonation speeds.
This correlates well to pure hydrogen-oxygen detonations having a higher CJ point
compared to ethylene-oxygen detonations. Table 13 contains the standard deviation of the
data presented in Table 12. There appears to be a trend of increased speed variance

throughout the wave with proportion of hydrogen fuel present.

Table 12 contains the mean velocity data for nitrogen cases. Pure (100%) H. fuel
has the highest mean velocities in the table. The trend in velocity is linear, as in the less
H2 fuel presented, the slower the velocity. This can be attributed to hydrogen in general
having a faster CJ speed then ethylene.

Table 12 contains all mean velocity data for the nitrogen diluted runs with varying
ethylene and hydrogen. Higher percentages of hydrogen fuel resulted in faster the
detonation speeds. This correlates well to pure hydrogen-oxygen detonations having a
higher CJ point compared to ethylene-oxygen detonations. Table 13 contains the standard
deviation of the data presented in Table 12. There appears to be a trend of increased

speed variance t