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Detonation-based combustion cycles have the potential to have higher thermodynamic
efficiencies than the more common deflagration-based combustion cycles because the
pressure of the products is higher than that of the reactants. The geometry to which a
detonation is confined can have a strong influence on the detonation’s behavior, or even
prevent a detonation from occurring. A key measurement that can be used to design
detonation-based engines is the cell size of the mixture. The cell size is a characteristic
length scale of a chemical mixture. For the first time, this study compares two methods of
collecting cell size measurements within a single tube. This approach controls for the
effects of tube geometry and surface roughness, which may confound studies whose
schlieren and soot foil measurements have been collected from different tubes. This study
indicates that measurements taken using the two measurement techniques agree to within
experimental uncertainty (a difference of 1.3 mm, or 7%). Soot foil methods are generally
preferable for detonation cell size measurements because soot foils provide larger triple
point sample sizes per detonation and lower instrumentation costs relative to schlieren
methods. Various sources of uncertainty are extensively analyzed and reported for the two
techniques.

Keywords: detonation, soot foil technique, schlieren, measurement, cell size

1 INTRODUCTION

Practical combustion processes generally involve the use of deflagration, which is a subsonic mode of
combustion. This mode of combustion is used to generate electricity, provide propulsion for cars and
aircraft, and heat homes, to name just a few applications. Modern deflagration-based combustion
devices have been highly optimized for efficiency, while detonations are generally avoided due to
their destructive nature. However, detonation-based engine cycles have the potential to allow for
even higher thermodynamic efficiencies due to the coupling of reactions and shock waves at the
detonation front (Coleman, 2001; Roy et al., 2004). This coupling causes the pressure of the products
to increase relative to the reactants rather than decreasing, as is the case for deflagration. The pressure
gain associated with detonations can potentially allow cycles that are 30-50% more
thermodynamically efficient than conventional cycles (Coleman, 2001; Nikolaev et al., 2003).
Detonation waves are unsteady, highly three-dimensional structures comprised of three types of
compression waves: incident, Mach, and transverse (Lee, 2008; Fickett and Davis, 2011). The locus of
intersections between the three wave types is called a triple point in the detonation community (Lee,
2008; Fickett and Davis, 2011). The triple points within a detonation front create a roughly diamond
shaped structure as the front advances. These structures are known as detonation cells (Lee, 2008;
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Fickett and Davis, 2011). The size of detonation cells is correlated
with the thickness of the reaction zone, which is driven by the rate
at which energy is released (Lee, 2008; Fickett and Davis, 2011).
This means that cell sizes are inversely related to detonability. A
more detonable mixture will have smaller cells, which permit it to
detonate in smaller chambers than mixtures with larger cells.
Therefore, the characteristic cell size of a mixture is an important
parameter in the design of detonation devices (Roy et al., 2004;
Ciccarelli and Dorofeev, 2008) as well as in the prevention of
inadvertent detonations in applications such as nuclear power
generation and mining (Stamps and Tieszen, 1991). Cell sizes
typically range between several millimeters, such as with
hydrogen-oxygen mixtures, to 300 + millimeters in methane-
air mixtures (Kaneshige and Shepherd, 1997).

The sizes of detonation cells have historically been measured
from the tracks left by detonations passing over soot-covered
metal sheets (i.e., foils) (Lee, 2008), (Stamps and Tieszen, 1991),
(Strehlow, 1968; Bull et al., 1982; Shepherd et al., 1988; Lee et al.,
1993). Soot foil measurements can be collected either from the
side walls or the end of a detonation tube. Both locations are
reported to give similar measurements, although Lee (Lee, 2008)
notes that side-wall soot foils tend to be more accurate than end-
wall soot foils, particularly in detonations with irregular cells. Cell
sizes are determined by identifying paths taken by triple points
along the soot foil. These paths, which mark the boundaries
between the cells in each of the major directions are traced to
create cell size measurements (Lee, 1984).

In more recent years, the use of high-speed schlieren
photography techniques to non-invasively measure detonation
cell sizes has been proposed and applied (Babbie et al., 2015;
Stevens et al., 2015; Babbie et al., 2016). Schlieren photography
works because changes in density cause variations in the
refractive index of a gas (Settles, 2001). Shocks cause large
changes in the density of the gases in extremely short
distances, thus schlieren can be used to visualize a detonation
front with a high degree of fidelity. Using such measurements, cell
sizes are determined by visually inspecting the wave structure in
images for the locations of triple points.

Schlieren measurements of cell sizes provide some important
improvements over soot foil measurements, as well as some
drawbacks. Schlieren measurements are non-intrusive, and are
also not limited to the tube wall (i.e., can be applied within the
flow). Schlieren measurements remove the need for a soot
coating, which can complicate the process of determining the
location of cell boundaries or even render entire soot foils useless
if the soot is unevenly deposited on the foil. In addition, using
schlieren to measure detonations does not require disassembling
and reassembling a tube between shots, as is required when
collecting soot foil measurements. As for disadvantages or
limitations, the use of schlieren to measure detonation cells
comes with increased cost due to the need for a high-speed
camera and the associated optics (i.e., mirrors or lenses for
collimination/decollimation of light), lower image resolution
(in the absence of further expensive optics), and potentially
increased data collection times (due to both lower image
resolution and the smaller sampling areas required for window
integrity). Furthermore it is not clear what are typical
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uncertainties associated with schlieren based cell size
measurements. Rigorous uncertainty analyses are often not
reported.

Stevens et al. (2015) performed a study comparing focused
schlieren and soot foil measurements of H,-O, and ethylene-air
detonations; however, they compared their schlieren
measurements to soot foil measurements collected by other
researchers in other tubes. They observed ratios of cell sizes
measured using the two techniques, (A foi1/Aschtieren) from 1.18 +
1.131 to 2.52 + 0.438 (Stevens et al, 2015). They suggested a
possible correction factor to adjust for the observed differences,
while also noting that the associated uncertainty values make it
unclear whether such a correction factor is warranted. Babbie
et al. (2015), Babbie et al. (2016) used the same focused schlieren
methodology to measure detonation cell sizes in hydrogen-air
mixtures at elevated initial pressures. Although not directly
discussed, their results indicate cell size ratios ranging from
0.798 + 0.474 to 1.055 = 0.411 (Babbie et al,, 2015; Babbie
et al, 2016). It is unknown whether the deviations in the
measurements are an artifact of the measurement techniques
and/or differences in the experimental arrangements.
Understanding this information is important for further
assessing the wvalidity of applying focused schlieren to
determine cell sizes. In 2003 Pintgen and Shepherd (2003)
studied detonation structures using simultaneous soot foil and
planar-induced laser fluorescence (PLIF) methods to image
detonations. Although they were not performing cell size
measurements, their results indicated that the structures
observed in the PLIF data (collected outside of the boundary
layer) correspond well to those seen in soot foil data (collected
within the boundary layer) (Pintgen and Shepherd, 2003). Based
on these results, it is reasonable to expect that cell sizes measured
using soot foil and focused schlieren should be in better
agreement than what was reported previously.

In light of the need for cell size measurements to support the
design of detonation based devices, as well as gaps in the
assessment of cell size measurements collected using focused
schlieren techniques, the objective of this study is to perform a
comparison of soot foil and focused schlieren methods using
measurements taken in the same tube. In addition, an uncertainty
analysis is reported for focused schlieren and soot foil techniques.
This work is intended to better inform researchers so that they
may appropriately select which technique to apply in their
experiments.

2 MATERIALS, EQUIPMENT, AND
METHODS

All detonations in this study are conducted in a mixture of CH,-
N,O with an equivalence ratio of ¢ = 1.07 and diluted with 38.5%
molar N,. The initial temperature and pressure of the mixtures
was 290 K and 101 kPa, respectively. This mixture and initial state
was selected to align with testing requirements for another study.
Sets of 15 detonation images (one per detonation) were used for
each measurement method in order to evaluate them over a
constant number of detonation events. The tube diameter for this
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FIGURE 1 | More regular detonation cells from this study (left panel) compared to less cells observed during a previous study (right panel). For reference, the less
regular detonation cells were observed in a stoichiometric mixture of CzHg-Air with 2% molar CO, dilution.
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FIGURE 2| llustration of the detonation tube and schlieren system used
during data collection.

study was larger than measured cell sizes by a factor of
approximately 8, which allowed for more regular (although
still mildly irregular) detonation cells, and thus meaningful
measurements. Figure 1 provides examples of more vs. less
regular detonation cells. Detonation cells can become more
irregular when the cell size approaches the diameter of the
tube (Fickett and Davis, 2011).

2.1 Experimental Setup

A closed-end detonation tube with optical access, as illustrated in
Figure 2, was used to collect data regarding the detonation
behavior. The tube was 6m in length, and was built of
seamless 14.6cm ID (NPS 6) schedule 80 pipe made from
316L stainless steel. The viewing section had four windows,
two each on the vertical and horizontal axes. Each window

was made from 254 mm thick quartz and provides a 143 x
63.5 mm visible area allowing for two simultaneous orthogonal
views of the detonation front. Any windows not being used for a
given experiment were replaced with steel blanks. A vacuum
pump was used to evacuate the tube prior to each detonation.
Reactant and diluent gases were fed in through the manifold
using measured pressures to obtain the desired mole fractions of
reactants. A brushless DC fan circulated the gas mixture
throughout the length of the tube to ensure that reactants
were well mixed. Deflagration was initiated using an
automotive spark plug immediately after a 180s mixing
period, which was assumed to be sufficiently long due to the
observed repeatability of detonation wave speed measurements
observed during preliminary testing. A 2.4 m long spiraled series
of blockages with a blockage ratio of 45% facilitated the
deflagration-to-detonation transition (DDT). The voltage
responses from two sequential photodiodes located just prior
to the viewing section were used to determine the detonation
wave speed for each test. Typical measured detonation speeds in
these tests were within 2% of the Chapman-Jouguet (CJ)
detonation velocity of 2030 m/s.

2.2 Schlieren Measurements

Schlieren photography has been used in the study of detonations
since the 1960s (Lee, 2008). However, the use of focused schlieren
to identify triple points and measure cell sizes is relatively new
(Stevens et al., 2015). Triple points appear as “pinched” regions
on the detonation front where Mach, incident, and transverse
shocks join together (Lee, 2008), (Fickett and Davis, 2011). The
presence of transverse waves located at the detonation front also
serves to indicate triple point locations. Figure 3 shows the
anatomy of a detonation wave as observed via focused
schlieren, and is instructive as to what to consider in
determining triple point locations. In particular, the triple
points are evident from the “pinching” and variation in the
detonation front’s curvature between adjacent incident and
Mach shocks, as well as the presence of transverse shocks
extending rearward from the front. An example of a schlieren
image of a detonation front and the resulting triple point
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FIGURE 3| Anatomy of a detonation front as observed using a schlieren method similar to the present study, included with permission from reference (Radulescu
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locations from the present study is shown in Figure 4. Note that
triple point location in this manner, as with soot foils, is a
subjective task relying on the judgement of the researcher.
Stamps et al. noted an average difference of 16% between two
independent measurements collected on a single soot foil between
two researchers (Stamps et al., 1991); it is likely safe to assume
that schlieren measurement variability between individual
researchers varies similarly.

A Lowel DP 1000 W lamp was used as broad-band light source
for schlieren measurements. The light was collimated by a
254 cm f/5 parabolic mirror before being folded by a planar
mirror. The beam path was folded due to spatial constraints; the
folding occurs in a Z-shape to counteract optical errors that
would otherwise arise from the resultant path-length differences
(Settles, 2001). Once folded, the beam passed through the viewing

section, where the increase in gas density caused by the
detonation front bent the light before it was folded again,
decollimated, partially blocked by a knife edge, and collected
by a Phantom Veo 710 high-speed camera equipped with a f/1.4
50 mm lens attached to a 2x rear mount teleconverter in order to
increase the window size (total focal length 100 mm). Images
were collected at 36 kHz with a 256 x 560 pixel window. This
allowed for one (or, rarely, two) frames per detonation event. The
typical spatial resolution of the images was 0.25 mm/pixel. A lens
aperture of f/1.4 (f/2.8 after the teleconverter) was used in order to
maximize the amount of light reaching the sensor.

A reference object was placed in front of each window
(i.e., front and back) and photographed before each day’s
testing. The mean pixel pitch of both images was averaged
to spatially calibrate each schlieren photograph at the center
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FIGURE 4 | Schlieren image of a detonation front in an N, diluted mixture

of CH4-NO with selected triple point locations. Background emissions were
subtracted from the images. The detonation shown in the image is
propagating from left to right. An average of 9.27 triple points were
identified per frame during this study. The possible presence of an unmarked
triple point within the lower third of the image provides a good example of the
subjective nature of the measurements.

plane of the tube, where measurements were collected. The
average of 101 images captured immediately prior to each
detonation were used for background subtraction in order to
make the detonation front more apparent. Triple point

FIGURE 5 | llustration of some potential triple point locations within a
single detonation cell for a schlieren image.
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FIGURE 6 | Variation in cell size determined from schlieren
measurements as a function of the total number of measured distances
between triple points. Grey dashed line represents relative measurement
uncertainty.

locations in each frame were manually identified in each
image, as shown in Figure 4.

The number of pixels between consecutive triple points in a
schlieren image are recorded and converted to length via the
spatial calibration. Distances between consecutive triple point
locations can be averaged to determine the characteristic cell size
of a mixture. Any two sequential triple points can be separated by
a minimum of 0 mm (i.e., two triple points have collided) and a
maximum of one cell width. However, for a single schlieren
image, the location of a set of triple points within a cell
(i.e., horizontal position in Figure 5) is unknown. As a result,
the cell size of a schlieren dataset is estimated by doubling the
mean distance between triple points (Stevens et al., 2015). This
approach is necessary because any two consecutive triple points
may be located at position a, b, ¢, d, or any other potential
location, as illustrated in Figure 5. The evolution of the median
distance between triple points relative to the total number of
triple point delta measurements is shown in Figure 6. The cell
size determined from schlieren measurements converged within
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FIGURE 7 | Distribution of measured triple points in the schlieren
dataset.

the measurement uncertainty within approximately 30 individual
triple point deltas.

Stevens et al. (2015) found that the distribution of triple point
deltas (ie., distances between consecutive triple points) was
asymmetric, and recommended using the median distance as
an estimator for cell size computation. Figure 7 shows a kernel
density estimate of the set of distances between triple points, and
confirms the skewed nature of the measured triple point distances
(and thus the median as the preferred estimator for cell size). The
estimated cell size, Aspjicrens i therefore calculated as twice the
median triple point distance

emmi
)\schlieren =2x median((spx,i — > (1)
epmi

Here 0§, is the ith measurement (in pixels) between triple
points, £,,,; is the physical calibration distance of the
corresponding length scale, and £,,; is the calibration distance
in pixels. Note that a single set of calibration images was taken for
each day of testing, therefore the subscripts i on the calibration
distances are meant to indicate that a particular calibration
applies to a set of triple points; they do not indicate that each
set of triple points has its own unique spatial calibration.

2.3 Soot Foil Measurements
The soot foil technique was used to measure detonation cell sizes
in another set of experiments that matched the conditions used
for the schlieren based measurements. For these tests 445 mm
(width) x 508 mm (length) sections of galvanized steel flashing
were coated with soot using the method described by Akbar et al.
(2000). Each foil was coated with soot by inserting the flashing
into a partially closed vertical cylinder with a kerosene-soaked rag
at the base. The rag was ignited, causing soot to be produced and
deposited onto the foil. Once coated, the foil was installed
downstream of the viewing section of the detonation tube. The
tube was sealed, and a single detonation test was initiated. The
soot foil was removed from the tube after the detonation was
completed, coated with clear spray enamel to prevent
deterioration, photographed, and the image was post-processed.
Each soot foil was photographed with a Canon EOS Rebel
camera. A ruler was placed along the factory-cut edge of the foil to
provide a spatial calibration. Typical spatial calibration was

Schlieren and Soot Foil Measurements of Detonations

0.13 mm/pixel. During image post processing the soot foil
image was aligned, contrast enhanced to highlight the cellular
patterns, and spatial calibration information was collected.
Cellular patterns were subsequently manually traced in GIMP
for each of the two major directions using a 1 pixel white line (Lee
etal., 1993). An example of this process is shown in Figure 8. The
traced lines represent the paths of triple points as the detonation
wave passes over the soot foil, and correspond to the triple point
locations identified in Figures 3-5. Therefore, spacing between
the traced pixels (i.e., white) can be used to determine cell sizes.

Soot foil measurements provide a complete, directionally
resolved history of triple-point locations, unlike schlieren
measurements. Therefore triple point distances can be
determined directly without the need for doubling (as in
schlieren measurements). Using soot foil measurements, triple
point trajectories in each of the two major propagation directions
are separated as shown in Figure 8; the distances between
adjacent triple point trajectories are used to determine cell
sizes. Distances between triple points are identified on a row-
by-row basis (for example the blue arrows in Figure 9 indicate a
single row of measurements), and these distances are used to
determine the measured cell size using Eq. 2. The distribution of
all soot foil deltas (i.e., distances between white lines) collected
within this study is shown in Figure 10. As with the schlieren
measurements, the skewed nature of this distribution indicates
that the median is a more representative estimator of cell size than
the mean. The cell size Ay, is therefore estimated as

emm i
Aot = median(& PmT) (2)

pxi

Figures 11, 12 illustrate how soot foil measurements converge
as a function of the total number of triple points as well as the
number of soot foils collected, respectively. Figure 11 shows that
the soot foil measurements converge after approximately 100,000
triple point deltas have been measured. With an average of 28,504
triple point distances per detonation this corresponds to a
requirement of approximately 3-4 soot foils to arrive at a
converged measurement (i.e., within uncertainty). This analysis
was done by pooling all triple point distances into a single dataset
and analyzing. However, Figure 12 illustrates that similar values
are obtained when the results from the images are pooled for
analysis or analyzed separately.

3 RESULTS AND UNCERTAINTY
3.1 Results

The cell sizes measured using the schlieren and soot foil
methods are reported in Table 1. The ratio of cell sizes
measured using soot foils to that using schlieren is Ag;/
Aschtieren = 1.07 £ 0.13. The measurements agree within
experimental uncertainty. Measurement distributions of
schlieren and soot foil data along with median values and
uncertainty bands are shown in Figure 13. Figure 14 shows
the current measurements alongside measurements of similar
mixtures (Kaneshige and Shepherd, 1997), (Akbar et al., 2000).
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detonation front propagates is left to right.

FIGURE 8 | Soot foil photograph before (left) and after tracing (right). Note that tracing lines have been thickened and both directions have been overlaid for clarity;
the actual lines used for measurement are 1 pixel thick, and are directionally resolved as shown in Figure 9. The images are oriented such that the direction that the
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FIGURE 9 | A subsection of triple point tracks in each of the two main
propagation directions. Note that tracing lines have been thickened for clarity;
the actual lines used for measurement are 1 pixel thick. The image is oriented
such that the direction of detonation front propagation is left to right. A
single row of triple point deltas is indicated in blue. Overlaying the top and
bottom sets of lines gives the traced image shown in Figure 8.

The significance of the similarity of the results using the two
approaches is twofold. First, the results suggest that either
measurement approach can be used to obtain statistically
similar measurements. As a result, the selection of either
measurement approach can be guided by the research
requirements (e.g., whether direct imaging of the detonation
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FIGURE 10 | Distribution of measured distances between triple points in
the soot foil dataset.
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FIGURE 11 | Soot foil measurement convergence with pooled data.
Grey dashed line represents relative measurement uncertainty.

front is necessary) and the facilities or equipment. The second
impact of this work is that the results suggest that the cell sizes
in the center of a duct or along the boundary layer are similar.
This finding is important because it means that measurements
collected along the boundary (i.e., using soot foils) can be used
to understand cell sizes throughout the flow. In turn, these
measurements can be used with greater confidence by
detonation engine designers or those performing simulations.
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FIGURE 12| A comparison of soot foil measurement convergence using
pooled and unpooled (per-image) data. Grey dashed line represents relative
measurement uncertainty.

TABLE 1 | Measured soot foil and schlieren cell sizes in a N, diluted mixture of
CHj4-N2O. Each measurement method used 15 images. Schlieren and soot

foil images had approximately 10 and 28,506 triple points on average,
respectively.

Method Cell size (mm) Detonation events # Of triple point
deltas
Schlieren 174 £20 15 139
Soot Foil 18.7 + 0.4 15 427,568
5 004 e Schhergn
g —— Soot Foil
2 0.03 1
&
EE
o 0.02 -
o
Q
g 0.01
[a 9
0.00 T T T T 1
0 20 40 60 80 100
Measured Cell Size (mm)
FIGURE 13 | Comparison of schlieren and soot foil measurement
distributions with medians and uncertainty bands.

Advantages and limitations of the two measurement
techniques are now discussed. Both methods reported in this
study use 15 shots of detonation data, however the soot foil
dataset (427,568 triple point deltas) is three orders of magnitude
larger than the schlieren dataset (139 triple point deltas). The
difference in the number of measurements collected for each
dataset stems from the different resolutions in both space and
time. Schlieren measurements are time-resolved (i.e. they capture
the detonation front at a specific instant in time) and therefore
require high-speed image acquisition. Soot foil measurements, in
contrast, are not time-resolved, which allows the entire (spatial)
history of the detonation front to be captured. Furthermore, soot
foils allow researchers to estimate cell regularity in a single shot,
whereas schlieren measurements do not (see Figure 1 for
examples of varying degrees of regularity within detonation

60 Source - ®
o This Study (Soot Foil)
. e This Study (Schlieren) * x
£ e Akbar (1997)
=1
£ 40 Illln;iial Pressure (kPa) . N x
y L]
.§ * 102 P
«w s 9297
= o 7787
o _ 7
S 20 * 5772 +3
.
.
.
1 T 1 T 1 T T
0 10 20 30 40 50 60

Percent N

FIGURE 14 | Measurements from the present study (¢ = 1.07) shown
alongside existing cell width measurements in stoichiometric CH4-NoO with
varying amounts of N, dilution (Kaneshige and Shepherd, 1997; Akbar et al.,
2000).

TABLE 2 | Reported measurement uncertainties (in mm) for each measurement
technique.

Technique Instrument Precision Total
Schlieren 1.895 0.730 2.031
Soot Foil 0.442 0.044 0.444

cells). Therefore, for the purposes of cell size measurement
alone, the soot foil method is recommended. However, in
instances where optical access is required (e.g., PLIF studies)
or where soot foil measurement is not feasible for technical
reasons (e.g, due to liquid fuel sprays), schlieren
measurements of detonation cell sizes can be considered
equivalent to soot foil measurements. Finally, regardless of the
measurement technique used, it is recommended that a
preliminary study using soot foils be performed, if possible, to
allow the characteristic regularity of the mixture to be estimated.

3.2 Uncertainty

This section describes the sources of uncertainties for the
measurement techniques with special attention devoted to
identifying and analyzing various sources of instrument
uncertainty. Quantifying sources of uncertainty for techniques
to measure cell sizes has been limited in literature. Furthermore,
sources and quantities of uncertainty for cell sizes measured using
focused schlieren images have not been reported previously (to
our knowledge). Instrument, precision, and total uncertainties are
shown in Table 2. Further discussions of the sources of
uncertainty are included in subsections 3.2.1 and 3.2.2.

In the present study, uncertainties in independent variables were
propagated through to dependent variables using the Kline-
McClintock linear propagation method via the uncertainties
python package (Lebigot, 2019). In both schlieren and soot foil
analyses, some instrument uncertainties were estimated using
repeated measurement tests in order to account for factors such
as human error/variability. In these repeated measurement tests, 10
repetitions of each measurement (i.e., calibration distance, triple
point location, etc.) were performed. Precision uncertainties were
estimated using a 95% confidence interval over the measured values.
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The sources of uncertainty considered are detailed in the following
sections. Note that the measurements presented here were collected
by a single researcher, and although repeatability testing was done to
estimate the level of uncertainty due to the subjective nature of triple
point location, this estimate only applies to the measurements of a
single researcher. It is worthwhile to consider applying an additional
amount of uncertainty, such as the 16% average difference between
researchers noted by Stamps et al. (1991).

The instrument uncertainties considered were approximately
equal in both schlieren and soot foil measurements, however the
final total uncertainties were not. The observed difference
between the final uncertainty values is due to three factors.
First, the typical spatial calibration factor (mm/px) for
schlieren measurements was approximately double that of the
soot foil measurements. Second, the factor of 2 in Eq. 1 which is
not present in Eq. 2. Recall that this term arises due to schlieren
triple point measurements varying from 0 mm to one full cell size
apart. This factor is not needed for measuring soot foil triple point
deltas, which are all one cell size apart by virtue of the
directionally resolved measurement technique. Third, the
difference in the number of triple point deltas measured
within 15 detonation events drives the difference in precision
uncertainties between the two measurement methods. In both
measurement approaches, instrument uncertainty dominated the
total uncertainty.

3.2.1 Schlieren

The total instrument uncertainty for schlieren measurements was
+1.895mm. Precision uncertainty was estimated to be
10.730 mm (95% confidence). Total uncertainty for schlieren
measurements was *2.031 mm. The following sources of
instrument uncertainty for the schlieren-based measurements
were considered in the analysis.

e Distance between triple points (px)

Two sources of instrument uncertainty were estimated with
regards to identifying distances between triple points in schlieren
images. First, the uncertainty arising from the subjective nature of
identifying triple point locations was considered. Second, the
uncertainty caused by pixel resolution of the images was
considered.

Uncertainty is induced into the schlieren based measurements
by the process of identifying the location of triple point on the
images. This source of uncertainty was estimated by comparing
10 repeated measurements taken from a single schlieren image.
The median distance between triple points was calculated for each
replicate, and the set of 10 median values was used to estimate the
uncertainty, £ 3.789px (95% confidence).

Instrument uncertainty in the location of a single triple point
due to pixel resolution is +0.500px, therefore the uncertainty in
the distance between triple points was estimated to be +0.707px.

The total uncertainty in pixel distance between triple points,
therefore, was estimated to be +3.854px. Uncertainty from the
subjective location of triple points dominates the total uncertainty
in the distance between triple points.

Schlieren and Soot Foil Measurements of Detonations

o (Calibration distance (mm)

Two sources of instrument uncertainty were considered with
regards to the calibration distance in schlieren measurements.
First, the uncertainty associated with distance between
increments on the measurement standard was considered.
Second, the thickness of the lines on the calibration device was
considered.

The calibration device used for schlieren data
collection was a 5.08mm square grid. Spatial
calibrations were taken along a single edge, and over
an integer number of grid squares. The actual number
of grid squares used in each calibration varied as needed
due to window and lighting conditions. The uncertainty
of distances on the calibration device was estimated using
a 10 sample repeatability test. A set of 18 grid squares
were measured repeatedly using digital calipers. The
resulting uncertainty was £0.004 mm (95% confidence).

Ten measurements of the width of a line on the calibration grid
were collected because measurements were taken line-to-line
(i.e, not in the middle of a grid square). The resulting
uncertainty was estimated to be half of the mean line
thickness, + 0.017 mm (95% confidence).

The total uncertainty in physical calibration distance was
therefore estimated to be £0.017 mm. Error introduced due to
the thickness of the grid lines is the main source of uncertainty in
the calibration grid.

e Calibration distance (px)

Two sources of instrument uncertainty were estimated with
regards to the pixel calibration distance for schlieren images.
First, the uncertainty due to the manual selection of a calibration
distance in images was considered. Second, the uncertainty
caused by pixel resolution was considered.

The uncertainty associated with a user determining the
number of pixels in an image corresponding to the spatial
calibration was estimated by performing 10 trials of a pixel
calibration on a single schlieren calibration image. The
resulting uncertainty was +0.414px (95% confidence).

Uncertainty in pixel calibration distance due to pixel
resolution was estimated to be +0.707px (i.e., plus or minus a
half pixel on either end of the span).

The total uncertainty of the schlieren pixel calibration distance
was estimated to be +0.819px based on the pixel resolution of the
image and the user determination of calibration distance.

3.2.2 Soot Foil

The total instrument uncertainty for soot foil measurements was
+0.442 mm. Precision uncertainty was estimated to be
$0.044 mm (95% confidence). The total uncertainty for soot
foil measurements was +0.444 mm. The following sources of
instrument uncertainty for the soot-foil-based measurements
were considered in the analysis.

e Distance between triple points (px)
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Two sources of instrument uncertainty were considered with
regards to the pixel distance between triple points in soot foil
images. First, the uncertainty arising from the subjective nature of
triple point location was considered. Second, the uncertainty
caused by pixel resolution of the images was considered.

Uncertainty is induced into the soot foil based measurements by
the process of identifying the location of triple point on the images.
This source of uncertainty was estimated by comparing 10 sets of cell
boundary measurements taken from a single section of a soot foil.
The variation in position of each measured edge pixel throughout the
10 measurements was used to estimate the uncertainty in a single
triple point location. The estimated uncertainty was applied to each
cell boundary, and the total uncertainty in triple point distance was
thus +3.302px (95% confidence).

The uncertainty in the location of a single triple point due to
pixel resolution is +0.500px, therefore the uncertainty in the
distance between triple points was estimated to be +0.707px.

The total instrument uncertainty in triple point pixel distance
estimated to be +3.377px. As with the schlieren
measurements, uncertainty from the subjective location of
triple points is the main source of uncertainty.

was

e (Calibration distance (mm)

The calibration device used for soot foil data collection was a
metal ruler with 1 mm resolution. Therefore, the uncertainties in
the physical location at either end of each physical calibration
distance were estimated to be +0.500mm, giving a total
uncertainty of £0.707 mm per calibration distance.

e Calibration distance (px)

Two sources of instrument uncertainty were estimated with
regards to the pixel calibration distance for soot foil images. First,
the uncertainty due to the manual selection of a calibration
distance was considered. Second, the uncertainty caused by
pixel resolution was considered.

The uncertainty associated with determining the number of
pixels in the spatial calibration images was estimated by
performing 10 trials of a pixel calibration on a single soot foil
image. The resulting uncertainty was +0.624px (95% confidence).

Uncertainty in the pixel location at the start and end of each
calibration distance was estimated to be +2.000px due to the
thickness of the lines on the ruler within the image, resulting in an
uncertainty of +2.828px per calibration distance.

Based on the aforementioned values, the total uncertainty in the
soot foil pixel calibration distance was estimated to be +2.896px.
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