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ABSTRACT

For decades Exhaust Gas Recirculation (EGR) has been used to mitigate several
issues related to gas turbine operation: CO2 sequestration; NOx formation and emission;
and combustor instabilities. EGR increases CO2 concentrations in turbine exhaust for
more efficient CO2 scrubbing, reduces NOx emissions, and reduces combustor instability
associated with pressure resonances. As EGR technology has developed, EGR ratios
have continued to increase and introduce greater amounts of combustion products,
primarily CO., as part of the oxidizer in gas turbines. The goal of this study was twofold:
to observe the role excess amounts of CO> play in causing non-idealities, bifurcation in
particular, in shock-tube experiments using real (non-dilute) fuel-air mixtures, and to
experimentally examine the kinetic effect, if any, of excess amounts of CO; as part of
natural gas fuel-oxidizer mixtures.

Experiments were performed in a shock-tube facility on the campus of Texas
A&M University. Mixtures were composed of a representative natural gas mixture at an
equivalence ratio of ¢ = 0.5 using modified oxidizer compositions representative of
those used in EGR turbines. These oxidizer compositions maintained constant levels of
O2 while exchanging N2 for COz in stages to give oxidizer mixture concentrations
ranging from (0.2102+0.79Nz>) to (0.2102+0.79CO) with intermediate combinations of
N2/COz in between. Low-pressure and high-pressure (near 1 atm and 10 atm,
respectively) experiments were conducted over an approximate temperature range of

1450-1900 K for the simulated EGR mixtures. Upon conclusion of all experiments and



analyses, the observed effect of CO; relating to reflected-shock bifurcation was quite
significant, giving stronger bifurcation as amounts of CO- increased, as determined by a
sidewall pressure transducer. However, the observed kinetic effect of CO> on ignition
delay time was quite small in comparing ignition delay times with and without CO2. A
modern chemical kinetics model also predicts that the effect of CO- dilution on methane
ignition delay times at the conditions herein are very small, within the uncertainty of the
experiments. This result helps to confirm the validity of the measured results. One can
also conclude that despite the significant bifurcation and proportionately increased
uncertainty in the test conditions as a result, the ignition delay time results herein seem
to indicate that the test conditions are still at the nominal temperature and pressure as

derived from the speed of the incident shock wave in the conventional way.
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CHAPTER |

INTRODUCTION

As the gas turbine industry continues to grow and change, research focused on
this industry must keep pace and do the same. Although gas turbines utilizing exhaust
gas recirculation (EGR), also referred to as flue gas recirculation, have been in use for
several decades, the configurations used in such turbines have also evolved ([1], [2]).
Likewise, investigations into gas turbine fuels have varied widely, ranging from typical
methane-air mixtures, as in [3], to more complex mixtures as in [4]. Additionally, higher
EGR rates introduce larger amounts of CO2, prompting study of mixtures with higher
CO2 concentrations. Figure 1 shows data from [1], displaying higher CO, concentrations
in turbine exhaust gas as a direct result of higher EGR ratios.

A natural extension for chemical kinetics studies involving EGR-based mixtures,
those conducted in shock tubes in this case, is to expand the scope of the study to include
greater amounts of CO. than even the highest EGR ratios in modern gas turbine systems.
While much data based on methane ignition in shock tubes exists in the literature, little
was found by the author that included high or even moderate amounts of CO; as a
component in non-dilute shock-tube mixtures using methane as a fuel (non-dilute
mixtures refer to those at typical mixtures representative of fuel-air mixtures with about
70-75% N3, as opposed to mixtures with much larger percentages of N2 or Ar gas). This
state of affairs comes as no surprise however, considering the inherent difficulties of

performing experiments in non-dilute mixtures with CO> as a major constituent. Thus



comes the motivation of this thesis: to study the ignition of methane in shock tubes with

high amounts of CO> in non-dilute mixtures.
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Figure 1. Mass fractions of CO; in turbine exhaust gas from two different levels of EGR. Figure re-created

using data from [1].

This thesis is organized into separate chapters and follows the style guide of the

American Society of Mechanical Engineers. This chapter, Chapter 1, is the introduction.

Chapter Il provides details on the experimental setup, which consists of the facilities

involved, measurement configurations and techniques used, and the mixture

compositions and experimental conditions tested in this study. Chapter 111 discusses the

challenges of performing shock-tube experiments associated with non-dilute mixtures.

Chapter 1V presents the results of the experiments, including difficulties encountered

2



during the data collection and analysis. Recommendations for improvement and future
work are included in Chapter V. Finally, Chapter VI gives a brief conclusion of the

experiments and results discussed in this thesis.



CHAPTER II

EXPERIMENTAL SETUP

A typical shock-tube setup consists of two sealed tube sections separated by an
impermeable diaphragm assembly. One section is filled with a high-pressure gas, usually
helium, and is referred to as the driver section (this drives the shock). The other is
referred to as the driven section and is filled to low pressure with whatever test gas is
being studied. In the case of this thesis, the test gas in the driven section was composed
of CH4, Oz, and a combination of N2 and/or CO>. To conduct an experiment using
polycarbonate diaphragms, the driver side is filled until the diaphragm makes contact
with a cutter (for repeatability of experiments) and bursts. Once the diaphragm is
ruptured, a shock wave forms due to the large pressure differential between the two
sections and travels towards the driven end of the tube. An expansion head also forms
and travels toward the driver end of the tube. The shock wave propagates down the
driven section of the tube and reflects off the endwall. When the shock reaches the
endwall, this denotes the beginning of the experiment. The expansion head eventually
reflects from the wall in the driver section and heads toward the driven side of the tube.
Additionally, an interface between the driver and driven gases, known as the contact
surface (or more accurately, contact region), follows the incident shock wave toward the
driven side of the tube. At some point after the incident shock reaches the endwall and
reflects, it interacts with either the expansion head or contact surface, and an expansion

wave (or in some cases a pressure wave) is sent toward the endwall. Once this
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disturbance reaches the endwall, the test time is over. During this test time, the goal of
kinetics measurements is for a reaction to have occurred and measurements to have
taken place. Usually reactions occur prior to arrival of the contact surface/expansion
head, however there are occasions in which they do not, such as in experiments at too
low of a temperature, or fuels with lower reactivity. Figure 2 presents an x-t diagram

during a typical shock-tube experiment.

=== Incident/Reflected Shock

S
Contact Surface
Rarefaction/Expansion Head
Test
Time
» X

AL
' & | +
Driver Section Diaphragm Driven Section with Test Gas

Location

Figure 2. Standard x-t diagram during an experiment in a shock tube where the experiment is ended by the
arrival of the expansion head at the test region near the endwall.

Facilities
For the experiments conducted in this work, two state-of-the-art shock-tube

facilities were used to perform chemical kinetics experiments. Both facilities can be used
5



for measurements relating to dilute and non-dilute mixtures and are shown schematically
in Figure 3. The facilities are located on the campus of Texas A&M University in the

Turbomachinery Laboratory.
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Figure 3. Shock-tube schematic showing dimensions for both the HPST and AST.

The first shock tube, as described in [5], was acquired in 2008, and the second, as
described in [6] and [7], was generously donated by Aerospace Corporation in El
Segundo, CA in 2013. The first tube’s purpose is focused on high-pressure experiments
in both dilute and non-dilute kinetics experiments, and is thusly referred to as the High
Pressure Shock Tube (HPST). The second tube from Aerospace Corporation is referred
to as the Aerospace Shock Tube (AST), and is currently used for the study of lower-
pressure and dilute chemical kinetics. Both tubes are made from stainless steel and have
an inner diameter of approximately 6 inches, combined with mirror-finish sidewalls to
minimize boundary layer effects. Additionally, the tubes are equipped with 5 PCB

113B22 pressure transducers along the driven tube to determine incident shock speed.
6



An additional PCB transducer is placed at the endwall to record time histories of
reflected-shock pressure. Time histories of experimental pressure on the sidewall are
also recorded by a Kistler 601B1 transducer at a location 1.6 cm from the endwall. The
shock tubes are also equipped with viewing ports on the endwall and sidewall for either

laser absorption or chemiluminescence measurements, as shown in Figure 4.

Reflected
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i_—__-——-.
VR
--------------------------------------- =
I I_Endwall.
Diagnostic
|| 11
¥ | — ’(I:I
Slit '
<[ T>lens
Bandpass Filter -
PMT Detector

Sidewall Diagnostic

Figure 4. A typical optical setup used to measure chemiluminescence from sidewall and endwall ports in a
shock tube.

Measurement Techniques and Configuration
Prior to collecting data from experiments, the accuracy of the reflected-shock
conditions in the shock tubes must be verified. References [5]-[7] discuss the validity of

the reflected-shock conditions and verify that the uncertainty of conditions, particularly



in Ts, in each tube are acceptable. For the HPST, the uncertainty in Ts conditions is less
than 10 K, and for the AST uncertainty in Ts is also less than 10 K, up to a reflected-
shock temperature of 2200 K. This level of precision is the case for both tubes because
each has been optimized for the spacing of pressure transducers along the tube length to
minimize uncertainty in incident-shock velocity measurement. Since incident-shock
attenuation is nearly linear over the velocity measurement region (as discussed in [5] and
[7]) and the last measurement interval is very near to the endwall (see Figure 3), the
shock velocity can accurately be extrapolated to the endwall. Making use of the well-
known normal-shock (NS) relations, conditions behind the reflected shock wave can be
calculated from the extrapolated incident-shock velocity. Because of the small
uncertainty in incident-shock velocity, it was discussed in [5] and [7] that when using the
last velocity interval compared to the whole range of velocity for incident-shock
velocity, the difference in calculated Ts from the NS relations was the primary source of
uncertainty in Ts, which was less than 10 K.

In addition to diagnostics for shock velocity measurements along the tube,
diagnostics near the endwall of the tube are used to record time histories of pressure and
chemiluminescence from excited species, such as OH* and CH*. As discussed in [8],
experiments performed under dilute conditions benefit from increased accuracy of
sidewall pressure and emission diagnostics, while those performed under non-dilute
conditions are better suited to diagnostics located at the endwall of the shock tube.
Figure 5 shows time histories of pressure and emission in a dilute experiment, which are

used to calculate the ignition delay time of a shock-heated mixture. In general, ignition
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delay time is a fairly intuitive concept, but is defined differently in dilute and non-dilute
mixtures. In dilute experiments, ignition delay time is defined as the time from reflected-
shock arrival at the sidewall measurement location, to the time of zero emission
intersection of a tangent line from the steepest slope of the sidewall emission profile.
This definition can be better understood when again examining Figure 5. In non-dilute
experiments, ignition delay time is defined as the time between incident-shock arrival at
the endwall and the time of the initial, sharp pressure rise of the endwall pressure trace.
An example of ignition delay time in non-dilute mixtures can be observed in Figure 6.
For clarification, the beginning of experiments (time zero) is defined differently for
experiments in dilute and non-dilute mixtures. This difference can be seen by comparing

Figure 5 b) with Figure 6 b).
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Figure 5. a) Example time histories of endwall pressure and sidewall pressure and emission traces used to
calculate ignition delay time in dilute mixtures (99.1% dilution in Ar). b) Definition of time zero is defined
by the arrival of the reflected shock wave at the sidewall pressure transducer.
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Figure 6. Example time histories of endwall pressure and sidewall pressure and emission traces from Mix
1(

Table 1). a) Example of method used to calculate ignition delay time in non-dilute mixtures. b) Definition
of time zero is defined by the arrival of the reflected shock wave at the sidewall pressure transducer.

Since the experiments performed in this study were focused on non-dilute
mixtures, endwall diagnostics were the primary tool used. In the case of the AST, only a
pressure diagnostic was available at the endwall, and no emission endwall diagnostics
were used. However, as the mixtures investigated were highly reactive, pressure
diagnostics were assumed to be satisfactory in determining ignition at the endwall, as
was investigated previously in [8] for real fuel-air mixtures under non-dilute conditions.
This use of pressure rise for ignition was shown to be a good assumption while
conducting this study, though an endwall emission diagnostic would have been
beneficial had it been available for the AST facility. However, the more tools an
experimenter can use to collect information about an experiment, the better. It is shown
in a later section that even though the endwall pressure trace is the most useful tool in

determining ignition delay time (to be defined in a subsequent paragraph) for these
10



mixtures, the pressure traces were observed to be inherently noisy due to the effects of

bifurcation.

Mixture Compositions and Experimental Conditions
As the goal of this study was to investigate mixtures typical of those used in gas
turbines, and then introduce high concentrations of CO», a lean mixture of methane and
air was used as the baseline mixture. For subsequent mixtures, the equivalence ratio was
held constant, while varying the amount of N2, exchanging it with equivalent amounts of

CO..

Table 1 shows the mixture compositions, all at an equivalence ratio of ¢ = 0.5,
investigated in this study. Each mixture was tested at average pressures of 1.75 atm and
10 atm, respectively, and at temperatures ranging from approximately 1400 K to 1900 K.
Due to the known pressure dependence of methane-based fuel mixtures [3], only
Mixtures 1 and 4 were tested at higher pressures near 10 atm, while all mixtures were
tested at the lower average pressure of 1.75 atm. To be sure of the baseline mixture at 10
atm, results from this study were also compared to those of a previous study [3]. In
addition to mixtures with fuel, 3 additional mixtures were used to mimic the flow
behavior of Mix 2, 3, and 4, respectively without any chemical reactions. These
additional mixtures were comprised solely of CO2 and Nz in ratios similar to those in the

mixtures with CH4 and O». Since the additional mixtures had no fuel or oxidizer, they
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were un-reacting, and are thus referred to as “cold,” while the reacting mixtures with
CHgs and O- are referred to as “hot.” The cold flow mixtures are hence designated with a

prime associated with the mixture name, such as Mix 2’. The cold flow mixtures are

shown in Table 2.

To make mixtures for experiments, the AST and HPST are equipped with a gas-
handling manifold and mixing tank for each tube. The manifold consists of a series of
valves and pressure transducers to monitor pressure in the manifold during mixture
preparation. Mixtures are made using the partial pressure method, where the mole
fractions of each species are known within 1% uncertainty, at worst. The uncertainty of
the true fuel-oxygen equivalence ratio is usually much less than this. Since components
with lower mole fractions in a mixture are filled first (this usually being the fuel and
oxygen, along with other small additives as necessary), the total pressures are low,
which enable the use of more sensitive pressure transducers. The low-pressure
transducers have an accuracy of 0.1 torr up to 1000 torr, while for pressures above 1000

torr, the accuracy is within 0.1 psi.

Table 1. The four different mixtures investigated in this study at an equivalence ratio of ¢$=0.5.

Mixture CHa 0 CO. N2
1 (Baseline) 0.05 0.20 0.00 0.75
2 0.05 0.20 0.25 0.50
3 0.05 0.20 0.50 0.25
4 0.05 0.20 0.75 0.00

12



Table 2. Cold flow mixtures representative of Mixtures 2-4, but without fuel or oxidizer.

Mixture CO; N2
2’ 0.74 0.26
3 0.47 0.53
q 0.21 0.79

13



CHAPTER Il
BACKGROUND ON NON-DILUTE MIXTURES IN SHOCK TUBES AND CO: IN

COMBUSTION

Experimental Non-ldealities

The study of chemical kinetics is aided by the fact that most reactions occur very
quickly, allowing the use of vessels that can attain high pressures and temperatures for
brief periods of time. Though shock tubes are intended to produce an ideal environment
for combustion kinetics experiments, they are not perfect. Even in relatively simple
experiments, like those conducted in dilute conditions, care must be taken before and
during the experiments to prevent non-idealities from interfering with the data. For non-
dilute mixtures containing large amounts of diatomic and polyatomic species, as in the
case of this study, several non-idealities present themselves during the course of an
experiment. Using proper measurement equipment and techniques, some of these non-
idealities can be overcome or, at worst, dealt with during the experimental process.
Others cannot be overcome and must be taken into consideration and worked around. Of
the non-idealities encountered and investigated in this study, reflected-shock bifurcation

and its effects are the primary concerns.

Bifurcation
To achieve ideal conditions in a shock tube, researchers often use a monatomic

bath gas, such as Argon. Though dilute mixtures are useful in determining finer Kinetic

14



behaviors of gases since the resulting temperature time histories are relatively constant,
the use of non-dilute mixtures are often required to gain an understanding of the
interactions that occur in realistic fuel-air mixtures. When a diatomic bath gas, such as
naturally occurring Nitrogen, is used in shock-tube experiments, the boundary layers
lack the momentum needed to pass through the normal portion of the shock wave and
interact to a greater degree than those in a bath gas composed primarily of Argon.
Similarly, mixtures with CO; also have energy-deficient boundary layers. This energy
deficiency occurs based on the composition of the test gas. In a shock-fixed coordinate
frame, the relation between total pressure in the boundary layer and in the reflected-
shock is what determines the presence of bifurcation. Mark [9] showed in the original
theory that the total pressure in the boundary layer depends only on the incident Mach
number and specific heat ratio of the gas (which is composition-dependent). While
boundary-layer growth itself causes some issues, it is the interaction of the reflected
shock with the boundary layer that is of key interest.

When a reflected shock wave propagates back into a shock-tube flow in which
energy-deficient boundary layers are present, a phenomenon known as reflected-shock
bifurcation occurs. Shock-wave bifurcation presents itself in the form of a lambda-
shaped shockwave (as in the Greek letter, A). Figure 7 shows a schematic of reflected-
shock bifurcation. Bifurcation of the reflected shock wave occurs when the fluid in the
boundary layer does not have enough momentum to pass through the shock, in shock-
fixed coordinates. Since the boundary-layer fluid doesn’t pass through the reflected

shock, it is pushed along in front of the shock — forming compression waves. These
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compression waves then coalesce into a curved or oblique shock. The energy-deficient
boundary layer fluid then passes under the shock and builds up underneath the oblique
portion of the reflected shock. This phenomenon occurs when P, /P, < P5/P, [9]. As
the original oblique shock is formed to minimize total pressure loss, a second is formed
to return the flow parallel to the wall of the shock tube. Once the flow passes through the
second oblique shock, its velocity along the axis of the tube is non-zero, unlike the
velocity passing through the normal portion of the shock wave, causing a slip line (or
vortex sheet) to form from the interaction of the moving and stationary fluids. The
pressure after the second oblique shock continues to rise until the passage of the
stagnation streamline, where the pressure then drops to that of the gas that passed
through the normal portion of the shock wave. Naturally, this process can mask the
arrival of the normal portion of the reflected shock wave (shown by the ideal pressure
trace in Figure 7). It can also induce a great amount of vorticity, and, more importantly,
it can result in a non-uniform flow field behind the reflected shock wave. For these
reasons, great care must be taken in the interpretation of pressure traces behind reflected
shock waves in diatomic and polyatomic gases as well as the determination of the post-

shock experimental conditions pertinent to the kinetics study being undertaken.
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Prior Work

Bifurcation was first observed by Mark [9] in 1958. In [9], Mark discusses the
propagation of a reflected shock wave in a shock tube where the gas behind the incident
shock has a non-uniform flow field (a boundary layer) due to viscous effects. In that
work, the basic criteria for reflected-shock bifurcation (discussed in the previous
paragraph) are laid out as the result of several experiments (conducted mostly with air).
In addition to discussing the criteria for bifurcation, Mark also discusses the range of
conditions over which bifurcation occurs in relation to gas composition (y) and incident
Mach number. Mark’s work was followed by that of Strehlow and Cohen shortly after

[11], which investigated the implications of bifurcation relating to chemical kinetics
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measurements. Like Mark, Strehlow and Cohen made use of schlieren imaging to
capture the behavior of bifurcated reflected shocks, but also made note of how the
density gradients observed by the images were indicative of temperature gradients within
the flow, leading to conclusions that non-uniform temperature regions existed near the
tube walls after the bifurcation. Further work was done by Byron and Rott [12],
extending the model of Mark to explain the entrainment of the boundary layer under the
bifurcated foot of the reflected shock wave. Further, Center [13] made use of
piezoelectric transducers to capture the pressure behavior of bifurcations near the
sidewall of a shock tube, agreeing with the works of [9] and [12]. Though much
experimental progress was made in the way of discovering and understanding reflected-
shock bifurcation in the middle of the 20" century, progress has continued in the
investigation and understanding of this phenomenon since that time [14-17]. More
recently, Petersen and Hanson investigated the bifurcation effect at pressures much
higher than previously studied [10]. They found that, for pressures ranging from near 11-
265 atm, pressure had almost no effect on observed bifurcation features, such as height
and length of the bifurcation. Additionally, Petersen and Hanson confirmed the influence
of mixture composition on the bifurcation features, like the pioneering work of Mark
(though over a much wider range of conditions and compositions). Along with the
experimental works just mentioned, numerous numerical investigations into the nature of
reflected-shock bifurcations have taken place.

As with experimental techniques, numerical techniques simulating fluid flow

have aided in the understanding and investigation of bifurcation in shock tubes. In [18],
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Takano was able to partially resolve the front leg of bifurcation features, as well as flow
disruptions indicative of a separation bubble, using 2-D finite-difference Navier-Stokes
solvers. With advances in computing power a few years later, Kleine et al. were able to
better resolve the front leg and separation bubble of a bifurcated shock wave using a
grid-adaptation technique, MacCormack’s method [19]. Included in that same work are
experimental results using the color-schlieren technique to visualize the bifurcation
behaviors in CO-rich flows. Just as their computational results were a step forward in
resolving bifurcations numerically, the experimental results of Kleine et al. from the
color schlieren setup were a step forward in the conceptual understanding of bifurcated
flow fields in shock tubes.

With the improvement of methods in [19] over those in [18], Nishida and Lee’s
work was a further improvement, capturing a majority of the features of the bifurcation,
including the front shock and separation bubble along with the vortex sheet and even a
partial curling of the vortex sheet at the endwall. These were groundbreaking works in
the field of numerical schemes to simulate reflected-shock bifurcation, with advances
continuing [20, 21] into what is now modern computational fluid dynamics (CFD).
Recent researchers [22-24] give a small glimpse into the application of CFD for
simulations involving bifurcations. These modern CFD simulations capture much of the
behavior observed from past experimenters regarding reflected-shock bifurcation. Not
only have the results of these CFD simulations been confirmed when compared to
experiments, they have also provided valuable insight into the behaviors of the flow

beyond experimental observations.
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Influence of Flow Effects on Combustion Chemistry

Like other modern CFD computations performed in the recent past, the work of
Lamnaouer, et al. [24] gives insight into the nature of temperature and pressure fields
behind reflected shock waves when bifurcations are present. However, as with all
simulations, experiments must confirm the behavior modeled by CFD. The authors in
[24] give insight into the flow behind the reflected-shock bifurcation in a shock-tube
experiment. As observed from the color schlieren images in [19], all features of the
bifurcation were seen in simulations done by Lamnaouer et al. in [24]. These include
features such as the bifurcated foot of the reflected shock, the separation bubble from the
boundary layer under the oblique shocks, and critical to the understanding of hotspots,
swirling fluid of the shear layer and wall jet. Lamnaouer et al. also showed the presence
of local hotspots in the wall jet after the passage of the bifurcation. Further simulations,
such as [25], give evidence for hotspots in bifurcated flows. Combined with
experimental schlieren results that indicate early ignition due to hotspots near the shock-
tube walls, the numerical results of [25] and [24] give depth of understanding in
determining the mechanism for this auto-ignition behavior. Figure 8 shows an
experimental example from [25] of auto-ignition occurring in a bifurcated shock-tube

flow.
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Figure 8. Local ignition behind reflected shock waves with bifurcation. Ignition along sidewall is evident
from these schlieren images. Non-dilute CoH,-O, mixture at 1031 K, 1 atm. Taken directly from [25] with
copyright permission from Elsevier B.V.

Other Potential Effects

In any non-dilute shock-tube experiment, bifurcation itself can be a problem.
However, non-dilute mixtures cause other issues in shock-tube flow that make data

acquisition difficult. As investigated in [14, 15, 26], the reflected shock interaction with
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the contact surface will result in driver gas bleeding through the bifurcation. This most
assuredly can affect the experimental results. Though this is a realistic concern for
shock-tunnel flows, the time scales required for such mixing of the driver gas are much
longer than the test times for these methane-based mixtures. Additionally, the curling up
of the boundary layer in the separation bubble prevents the cold driver gas from entering
the wall jet for some time until after the contact surface interacts with the reflected shock
and the test has ended. Thus, driver-gas contamination is not of great concern in the
present investigation.

Furthermore, interaction between the reflected shock wave and the contact
surface may be of concern should this interaction occur prior to the arrival of the
expansion head. Either a compression or expansion wave can reflect toward the endwall
as a result of the reflected shock wave interacting with the contact surface, which
prematurely ends the test. This gas dynamic phenomenon is shown conceptually in
Figure 9. Thirdly, since COz has a higher value of specific heat capacity than N2, an
additional thermal effect will occur in reacting flows with high amounts of CO,. Because
of the better heat-sink capacity of the gas, higher values of C, will cause the ignition-
induced rise in post-reflected-shock conditions (especially pressure) to be less noticeable
than in mixtures using pure air, ensuring that interpretation of ignition delay time will be
more difficult. In summary, the effect of CO. regarding bifurcation in shock tubes is not

a trivial one.
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While the bifurcation itself is not of primary concern in non-dilute mixtures
when an endwall pressure transducer is used to define time zero, the resulting induced
velocity and hot spots in the flow are of great concern. The fluid motion introduced by
the second oblique shock wave results in non-quiescent conditions behind the reflected
shock, and hot spots introduce areas of non-uniform temperature, pressure, and mixture
composition. Conditions such as these are most definitely non-ideal, but seem to be
confined to regions near the sidewall of the tube (as shown in the literature from
simulations and schlieren imaging). With large-diameter shock tubes, like the ones used
in this study, the bulk of the post-reflected-shock flow is assumed to be nearly quiescent
and have little variation in temperature, pressure, and mixture composition. Such effects
are also minimized when the ignition occurs first and nearly homogeneously at the
endwall, where the conditions are most uniform and well known.

Since the presence of diatomic and polyatomic molecules in shock tubes
introduces many non-idealities into the flow field, this behavior (though varied) is not
unique to one particular diatomic or polyatomic bath gas. Thus, a wide variety of gases
can have a similar effect relating to reflected-shock bifurcation, based almost solely on
the gas mixtures specific heat ratio [10]. However, the chemical effects during a reaction
may vary greatly depending upon bath-gas composition. To explore the chemical effects
of CO- as a bath gas, a brief investigation into the literature relating to kinetic effects of
COz in combustible mixtures was helpful to predict any experimental difficulties outside

of the aforementioned flow effects.
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Brief Literature Review on Kinetic Effects of CO2

Multiple researchers have explored the kinetic effect of CO> dilution on methane
combustion, though few have explored any kinetic effects associated with ignition delay
times in shock tubes. A majority of the combustion-related studies reviewed by the
author were either conducted in a flame speed vessel or a flow reactor. In [27], both
kinetic and thermal effects were observed in the measurement of a premixed flame
containing CHa. Similar effects were observed in [28], [29], and [30]. While [30] was
not an experimental study, but a numerical one, it revealed the same conclusions
discussed in the experimental studies. In all the studies, it was observed that the primary
kinetic effect of CO> on the oxidation of methane was through the sub-reaction

CO+0OH & C0,+H
This reaction (in reverse) was observed to have consumed more of the H radicals, which
primarily affected the sub-reactions
H+ 0, 0+0H
CH,+H < CHs + H,
by stealing H atoms, allowing less formation of O and OH radicals.

The remaining studies examined the kinetic effect, if any, of CO2 addition in
hydrocarbon mixtures for experiments conducted in shock tubes. Both [31] and [32]
investigated the effect of EGR-type mixtures in shock tubes by including CO2 and HO.
In both cases, the experimenters saw little to no kinetic effect of CO. on the oxidation of
methane in lean fuel-oxidizer mixtures other than its behavior as a diluent. This result

leads the author to believe that CO, behaves primarily as a third body in chemical
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reactions; however, the levels of CO, addition in these previous works were only on the
order of 5% by volume of the overall mixture. Numerical investigations into the third-
body effects of CO> can be done using a commercially available chemical kinetics solver
such as CHEMKIN [33]. An investigation was subsequently performed by the author

and is discussed in the results section of this thesis.
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CHAPTER IV

RESULTS AND CONSEQUENCES OF HIGH CO, CONCENTRATIONS

The experimental results of this study are presented in this section. As recorded
previously by Petersen and Hanson [10], bifurcation was expected to be affected
primarily by gas composition, and hardly at all by reflected-shock pressure, Ps.
Additionally, fluctuations in pressure traces from fluid motion were also expected, and
this was indeed the case. Bifurcation was an issue, but other effects of high-CO>

concentration were observed as well.

Bifurcation

Before the bifurcation results are discussed in full, it should be noted that
measurements along the sidewall were not the primary concern in these experiments. If
the intent were to have CO> as a diluent, and not a replacement for nitrogen in a pseudo-
air mixture, sidewall measurements would be necessary to determine the true time zero.
In those types of experiments, the true time zero should be determined by use of a laser
to detect the passage of the normal portion of the shock wave as in [10]. An endwall
transducer is also a good tool to have because fluid motion underneath the bifurcation
will surely cause the sidewall transducer to have suspect readings. The experiments for
this study, on the other hand, were not conducted in a dilute environment, but one using
realistic (and highly exaggerated) EGR mixtures (Tables 1 and 2). Although one does

not have to rely on sidewall pressure measurements in flows with high shock bifurcation,
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the presence of the bifurcation will surely have an effect on the overall flow conditions
behind the reflected shock wave, hence leading to increased uncertainty in the
experimental test conditions (i.e., T and P behind the reflected shock wave).

Bifurcation Lengths as a Function of Mixture Composition

While Petersen and Hanson did not investigate reflected-shock pressures below
about 10 atm in their work [10], the length of bifurcations in this study still depended
strongly on the mixture value of specific heat ratio, y, agreeing well with their results. As
shown in Figure 7, the time from arrival of the bifurcated foot to the time of the pressure
overshoot from the stagnation streamline is referred to as At (following the
nomenclature of Petersen and Hanson). Additionally, Petersen and Hanson measured the
time from beginning to end of the bifurcation disturbance, Atg,. Because of the unsteady
nature of many of the pressure traces, this time was not easily observed in all mixtures,
so only Atp, is discussed here. The intent of such a comparison is to gauge the relative
severity or size of the bifurcation feature. An example trace from this study that more

clearly shows this definition is given in Figure 10.
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Figure 10. Pressure traces showing time zero defined from the endwall and bifurcation passage over
sidewall pressure transducer to define the length of a bifurcation.

Upon examination of the data, the effect of mixture y was obvious. At pressures
near 1 atm in the AST, bifurcation lengths strongly depended upon mixture composition.
Mixtures with high levels of CO2 had larger levels of bifurcation, as expected. Figure 11
shows an example of bifurcation variation over the four different mixtures as seen by the
sidewall pressure transducer. It is important to note that while the traces may not be
perfectly smooth (as is the nature of sidewall pressure traces with bifurcation), the

increasing Atp, is readily seen in all mixtures.
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Figure 11. Sidewall pressure traces showing bifurcation behavior at the sidewall pressure transducer for
the 4 hot flow mixtures in the AST at low pressures and similar temperature conditions. Note that the
traces have been shifted so that the arrival of the bifurcated foot occurs at time zero. Also, these are purely
flow effects with no ignition taking place.

To be sure that this trend of longer bifurcations was not limited to a certain Ts

condition, bifurcation lengths (Atp,) were plotted against Ts for each mixture.
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Figure 12. Bifurcation magnitude for each mixture in the AST at low pressures (~1 atm).

From Figure 12, it is seen that bifurcation lengths (or bifurcation times) depend
heavily upon mixture composition. The same conclusion can be drawn for experiments
conducted in the HPST at pressures near 10 atm. Figure 13 shows the same dependence
upon mixture specific heat ratio at the 10-atm pressure range (only Mix 1 and Mix 4
were investigated in the HPST). Figure 14 also shows similar results to those in Figure

12.
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When the data from Figure 14 and Figure 12 are combined, the results show very
little dependence on Ps, as seen also in Petersen and Hanson [10]. Note also that there is

no dependence of the bifurcation magnitude on Ts (i.e., shock speed) as well.
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Figure 15. Bifurcation magnitude in terms of time span for all hot flow mixtures in both the AST and
HPST.
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Though the data show distinctions between each mixture, the data for Mix 4 do
seem to differ slightly between 1 and 10 atm. A potential explanation for this difference
comes from boundary layers behind the incident shock. Since the boundary layers for the
high-pressure shocks (Ps~ 10) are most likely turbulent almost at inception due to the
higher Reynolds number, each of the experiments conducted by Petersen and Hanson in
[10] were likely conducted where the reflected shock propagated back into an oncoming
turbulent boundary layer. In the lower-pressure experiments conducted in the AST,
however, the boundary layers could have been laminar rather than turbulent. Since
laminar boundary layer thicknesses have a more distinct pressure dependence compared
with those in turbulent flow, reflected-shock bifurcation behavior would also be affected.
Lower pressures with thicker boundary layers can cause the bifurcation to grow more
quickly, giving higher values of Atp, for the low-pressure experiments. It should be
noted that though the two tubes had differing lengths, values of Ts and incident-shock
Mach number (as well as composition) were nearly the same at the time of shock
reflection during each experiment. More investigation into discernment of laminar
versus turbulent boundary layers is discussed in the next chapter.

Pressure Noise from Fluid Motion

Because bifurcations not only mask the arrival of the reflected shock wave, but
also create eddies and a vortex sheet, they generate much fluid motion in the form of
vorticity. This fluid motion was observed in the form of pressure oscillations near both
the sidewall and endwall pressure transducers. Just like how the bifurcation lengths

varied with mixture composition, the scale of pressure oscillations were also observed to
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vary with mixture composition. Figure 16 shows greater pressure oscillations in both the
sidewall and endwall pressure traces with increasing amounts of CO». The increase in
pressure oscillations is gradual between the traces from Mix 1 and Mix 2, and similarly
from Mix 2 to Mix 3. But when the traces of Mix 4 are examined, the pressure
oscillations are more readily evident. Also, the sidewall pressure traces seem to show a
clearer gradient from less fluid motion to more fluid motion from vorticity ranging from
Mix 1 to Mix 4. Since the bifurcations are larger with more CO2, more large-scale fluid
motion is generated. These high vorticity regions pass directly over the sidewall pressure
transducers, so they show up in the pressure traces more readily. Also, since the endwall
port does not observe the fluid motion from the vortex sheet until the vortices curl up the
endwall of the tube, the pressure oscillations are not observed as easily when
bifurcations are less severe. The bifurcations in Mix 4, however, seem to be quite severe

and induce significant vorticity near both the sidewall and endwall transducers.
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Figure 16. Variation in pressure oscillations as a result of bifurcation for the hot mixtures in the AST at
one Ts condition. These are purely flow effects with no ignition taking place.

To establish a baseline of what features in the pressure traces to expect from the
bifurcated runs, the cold flow mixtures were used to verify this messy behavior behind
the bifurcations. Such a baseline is important since features in the pressure can occur

upon ignition, so one needs to be able to distinguish such differences between features
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due to the bifurcation event. Figure 17 confirms increased vorticity in the high CO»-

content mixtures. Fluid motion was more distinct as CO2 content was increased.
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Figure 17. Variation in pressure oscillations as a result of bifurcation for the cold mixtures (2°-4) in the
AST.
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Decreased Energy Release

Along with the effects of bifurcation, mixtures with high levels of CO- proved
more difficult to analyze due to suppressed ignition. With added CO3, the mixtures had a
higher overall value of specific heat capacity, Cp. Though the post-reflected shock
conditions were nearly the same for Mix 1 compared to Mix 4, the observable energy
release (in the form of a pressure spike) was lower. Figure 20 shows time histories for
the 4 different mixtures near a common temperature. While the pressure spikes from
ignition in Mix 1 and Mix 2 may look similar, Mix 3 has less of a P-rise than the first
two mixtures, and Mix 4 has the smallest relative pressure rise of all the mixtures.

At this juncture, a brief aside is necessary. For mixtures with CO> (especially
Mix 4), the sidewall pressure and emission traces were of little use in characterizing
ignition behavior due to the fluid motion associated with reflected-shock bifurcations.
Also, as was discussed in [8], non-dilute fuel-air mixtures are best observed using
endwall diagnostics since the high-enthalpy flows can cause the sidewall locations to
predict ignition that appears to be earlier than at the endwall. That is, in such mixtures
the ignition event at the endwall is very strong, leading to an explosion wave that
appears to occur within the entire endwall region more or less at once. The end result is
that the ignition delay time from a sidewall location (where its time zero is different
from the endwall’s time zero) is shorter when compared to the true ignition delay time

relative to the endwall.
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Figure 20. Pressure and emission traces of Mix 1-4 in AST with suppressed ignition levels in the endwall

pressure trace. The endwall pressure transducer is the primary ignition diagnostic in these traces. Ignition
regions are circled.

Other behavior such as early, non-homogeneous ignition due to hotspots can be
detected at the sidewall ports, so it is also useful to monitor sidewall traces for such
behavior. Early ignition time from a sidewall port (but in relation to time zero defined at
the endwall) is an indicator of hotspots within the flow. Were uniform ignition truly
occurring in these types of experiments, it would occur first in a region near the endwall.

Hotspots near the sidewall can cause auto-ignition and the formation of spherical
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combustion waves that tend to be observed by sidewall ports before endwall ports (from
transducers and/or optical emission/absorption). Figure 8 shows an example of this
occurring in an experiment with acetylene. Thus, the sidewall pressure and emission
traces are shown hereafter not as an exact indicator of ignition times, but as a general
guide as to when the main ignition event was occurring. Since the AST did not have an
emission diagnostic at the endwall, and the pressure traces had much noise, etc., sidewall
measurement of OH* emission was helpful in showing that an ignition event had
occurred in the shock tube.

Since the effect of suppressed ignition is primarily a thermal effect, determining
such effects numerically is a straightforward process. In fact, a quick hand calculation
for adiabatic flame temperature (at constant-internal energy, constant-volume
conditions) would reveal a higher temperature for Mix 1 than for Mix 4. CHEMKIN [33]
can also predict the pressure and temperature rise due to ignition. Figure 21 shows
temperature and pressure versus time for Mix 1 and Mix 4 during the process of ignition.
It can be concluded from Fig. 21 that the higher CO»-content mixtures have a more

subdued ignition event.
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Figure 21. Pressure and temperature increase during CHEMKIN simulation of ignition delay in Mix 1 and
Mix 4.

Though all the difficulties discussed so far have inhibited the interpretation of the
data to a certain extent, none of them invalidated the data. The next problem associated
with these non-dilute mixtures caused some of the data to be completely unusable.

Pressure Discontinuities

Up to this point in the results concerning effects of CO; in non-dilute shock-tube
experiments, all the effects have been hindrances to reading the data, but none have
made data from any given experiment completely unusable. While pressure oscillations
existed in all of the experiments, none of the non-idealities discussed thus far have
caused a sudden drop-off or shift in reflected-shock conditions. However, such problems
existed when examining several of the lower-temperature experiments. When ignition
did not occur within a certain time frame (differing slightly for each mixture), a sharp
pressure drop-off or jump would be seen in both the sidewall and endwall pressure

traces. In shock-tube experiments, such pressure changes are tied to temperature
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changes. At present, it is not clear what the exact cause of these pressure discontinuities
IS, but they are almost certainly due to an expansion process. The observed behavior,
though, does seem to align with that of the interaction of the reflected shock wave with
the contact surface (or contact region) between the driver and driven gases created after
the rupture of the diaphragm. This possibility is discussed more in the next chapter.
Figure 22 shows examples of the pressure drop-offs for the different Mix 1-4 in the AST
at a given temperature condition. Upon examination, the time histories show that the
pressure drop-offs begin at approximately the same time, but the rate of the change is

greater for mixtures with higher amounts of CO..
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Figure 22. Pressure and emission traces from hot-flow experiments showing the pressure expansion

behavior (in circles). The endwall pressure data in the graphs have been shifted down to give a clearer
view of the traces.

As was done before, the hot-flow mixtures in the AST were mimicked by cold-
flow mixtures with equivalent values of specific heat ratio. Figure 23 shows similar
behavior to the hot-flow mixtures in Figure 22. Thus, it can be concluded that this

phenomenon is not attributed to reactivity of the mixture, or to any unseen chemical
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reactions, but is by nature a fluid-mechanic flow effect. The same phenomenon was seen

in the HPST for Mix 4 and Mix 4’ but not in Mix 1, shown in Figure 24 and Figure 25.
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Figure 23. Cold flow for Mix 2’-4” in the AST. The pressure discontinuity grows more noticeable with
increasing CO- content. As in Figure 22, the endwall data have been shifted down for easier viewing.
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Figure 24. Mix 1 and Mix 4 in the HPST. The pressure drop-off is seen in Mix 4, but not in Mix 1.
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Figure 25. Example of the pressure discontinuity in the HPST for Mix 4’ (cold flow).

From the figures shown in this section, the presence of the pressure expansion

behavior can be seen, but the mechanism by which it occurs could not be confirmed with

only first-order calculations. The observed rate at which the pressure change at this

expansion did vary with mixture composition (less severe with less CO>), but it also

changed with incident Mach number and pressure, P1, which determine Ts. For example,
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examine the plot of Mix 2’ in the AST in Figure 23. The pressure drop-off is very small
at 1420 K. Examination of Figure 26, however, reveals a very different behavior. A
pressure change still exists, but it is a sharp increase instead of a drop-off. These kinds of
behaviors were observed in mixtures where reflected-shock temperatures, Ts, were in the
upper end of the investigated temperature range, ~1800 K and above. Evidence of
varying pressure interactions (for the same mixture) with differing temperature is what

led the author to believe this phenomenon is related to contact-surface interaction.
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Figure 26. Cold flow in Mix 2’, showing a pressure rise at a high Ts instead of a drop-off like at lower
temperatures.

Regardless of the cause of these pressure changes, they effectively end an
experiment. While ignition events are still observed after the pressure drop-off, the
conditions can no longer be assumed the same as the original Ts and Ps at time zero (for

cases like Figure 26, ignition occurred before the pressure rise because of high Ts). Thus,
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none of the cases where a pressure drop-off occurred prior to ignition can be relied upon
to provide an ignition-delay time data point. Despite all the non-idealities, ignition delay
time data was collected, and the results differ very little from Mix 1 to Mix 4 at either

pressure condition, as discussed next.

Effects on Ignition Delay Time and its Interpretation

As a result of high CO, concentration in the EGR-based mixtures, many non-
ideal effects were present in the reflected-shock-wave data. For the most part, ignition
delay time could still be interpreted from the measured pressure and emission data. With
more COy, the true time zero (defined from the endwall pressure trace) was not disrupted
by bifurcations, but induced fluid motion was more evident and muddied the traces.
Additionally, the pressure rise from ignition was harder to detect because of the high
specific heat capacity of CO. compared to N». Lastly, some of the runs were ended
prematurely by the arrival of a pressure expansion before the onset of ignition. Overall,
these non-idealities prevented a sharp pressure rise during ignition in most of the
experiments with CO2, unlike in Mix 1. Although ignition onset was still apparent,
uncertainty was added to its interpretation for the higher-CO. mixtures.

Figure 27 gives an example of how ignition delay time was defined in
experiments where non-idealities from CO> had significant influence. Since the pressure
rise at the endwall was not sharp, but smooth, 2 tangent lines were drawn through the
data (as is done in dilute experiments using a sidewall emission trace) and their

intersection was defined as the point of ignition onset. This ignition point is not without
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uncertainty, though, since the un-stationary fluid causes the pressure trace to fluctuate to

a greater degree than in a stationary fluid.
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Figure 27. Intersecting slope method for mixtures with more CO,, all near a common Ts,

Using a pseudo-slope-intersection method is a less-precise way to define ignition
delay time in these mixtures, so the determination of the ignition delay time must be
interpreted on a case-by-case basis. Figure 28 shows why the intersection of the two
lines has an accompanied uncertainty. With the inherent fluctuations in these pressure

traces, the initial rise of the pressure trace near the point of intersection may occur just

because of circulating fluid, with the true pressure increase occurring shortly after. Thus,
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with the uncertainty in the pressure rise due to fluctuation of the trace, the definition of
ignition delay time has added uncertainty as well. This uncertainty is greater than any
uncertainty in Ts or Ps conditions given from the shock-velocity measurements and
normal-shock relations. Additionally, the added uncertainty is not easily calculable in an
analytical way and was therefore included in more of a brute force manner by including

error bars in subsequent ignition delay time plots.
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Figure 28. Method for defining ignition delay time in mixtures with noisy pressure traces and suppressed
ignition pressure rise. a) Two intersecting slopes define the time of ignition, b) Because of hon-quiescent

conditions additional uncertainty in ignition time is introduced (shown with three possible times). ¢) The
last figure has no emission to more clearly show the range of uncertainty.
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Even though the AST did not have an endwall emission diagnostic, ignition delay
times inferred from the pressure transducer located at the endwall were satisfactory. The
HPST, as mentioned earlier, was equipped with both emission and pressure diagnostics
at the endwall. When considering the HPST results, displayed in Figure 29, the addition
of the endwall diagnostic is somewhat helpful in the case of Mix 1, but less so for Mix 4.
An endwall emission trace helps to detect any pre-ignition down the length of the shock
tube in these high-enthalpy experiments, but gives no added benefit in observing ignition
delay times. Similarly, the endwall emission diagnostic could discern pre-ignition in the
high-CO2 mixtures, such as Mix 4. Upon closer examination of the blue endwall
emission trace in Figure 29, though, an idea of when ignition occurs can be estimated,
but with no greater certainty than the sidewall emission trace. In fact, the sidewall trace

may be more helpful in this case since it increases more smoothly and more suddenly

than the endwall emission trace.

1.0
1.09] —— Endwall Pressure 5
—— Endwall Emission
osdl — Sidewall Pressure /\, 0.8
' Sidewall Emission
§ - _% § 0.6
T A AAA oo el 7;5 Mix 4
% 041 Mix1 <041 1465 K
= 1315 K P 13.53 atm
9.22 atm
0.2 1 0.2 —— Endwall Emission
—— Endwall Pressure
» Sidewall Emission
00— 0.0 —— Sidewall Pressure

800 1000 1200 1400 1600 1800 2000 0 600

200 400

Time (us) Time (us)
Figure 29. Experiments conducted in the HPST near 10 atm. Even with an endwall diagnostic,
interpreting ignition delay is still a challenge in Mix 4.
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After examining the data and taking into consideration all non-idealities present,
the ignition delay time behavior of all 4 mixtures were very similar. Figure 30 shows the
ignition delay times of each mixture over the range of Ts conditions on an Arrhenius
plot. Mix 2-4 are plotted individually compared with Mix 1, each with a model
comparison to the Aramco 1.3 mechanism from the National University of Ireland in
Galway, Ireland [34]. The agreement between each mixture and the model for that
mixture is very good. Also, all of the mixtures behave very similarly, even with the
inclusion of uncertainty in ignition delay times in each mixtures. Something to note, the
y-axis is plotted on a logio-scale. Thus, the error seems greater for the higher-
temperature experiments (smaller values of 10%/T), though it is actually much less than

for the lower-temperature experiments.
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Similar to the low-pressure ignition delay time results in the AST, the high-
pressure experiments in the HPST showed good agreement with the model. Figure 31
shows that for the higher pressures, the uncertainty in ignition delay time is greater. This
increased uncertainty makes sense since the higher-pressure experiments are likely to
have only turbulent boundary layers, so therefore the bifurcations will also likely have
more-turbulent effects in high-pressure situations than in low-pressure situations. Upon
comparing Mix 1 and Mix 4 for both the data and the model, though, it seems that CO>
has a slight effect on ignition delay time when comparing mixtures 1 and 4, respectively.
Figure 31 shows that when CO- is a major component of methane mixtures near

pressures of 10 atm, ignition delay times are longer than in mixtures without CO».
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Figure 31. Ignition delay times for experiments in the HPST at 10 atm.
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Previously, it was shown that if a pressure drop-off occurred during an
experiment, that experiment was effectively over and its data discarded. This rule was
the assumption in the ignition delay time plots from Figure 30. Interestingly, upon
including ignition delay time data from experiments where a pressure drop-off occurred,
the observed behavior of these experiments still fit reasonably well for both the AST and
HPST data at low and high pressures, respectively. Figure 32 includes the extra data
from the AST experiments as open boxes. The formerly discarded data are well within
the scatter of the original data for all the mixtures in the AST. Similarly, Figure 33
shows that the additional data in the HPST align decently well within the scatter from
the original ignition-delay data at 10 atm. Nonetheless, in the final assessment, those
data are still not included due to the increased uncertainty as to what the test

temperatures and pressures actually were prior to the ignition event.
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Figure 32. Ignition delay time data for all mixtures in the AST at 1.75 atm. Included for comparison are
the discarded data from the experiments with a pressure drop-off (the open boxes).
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Figure 33. Ignition delay time data for all Mix 1 and 4 in the HPST at 10 atm. Included are the
discarded data from the experiments with a pressure drop-off (the open boxes).

To summarize the ignition delay time results, the use of CO; as a replacement for
N2 in EGR-like fuel-oxidizer mixtures had little to no effect on ignition delay times. The
uncertainty associated with Mix 2-4 was greater than that of Mix 1, but in the end, the
results were nearly the same, if not exactly the same within the uncertainty of the
experiments. In the next section, the results of a numerical investigation into the kinetics

of COz is given.

Modeling Comparisons, Third-Body Effects of CO2
From the ignition delay time results in the previous section, the chemical effects
of CO2 amongst all mixtures were quite small. For each mixture, the ignition delay time

data agreed well with the other mixtures (within the scatter/uncertainty of the data). This
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agreement was also true for all mixtures when modeled in CHEMKIN with the Aramco
1.3 mechanism. To verify the chemical effects of CO- (or lack thereof), a brief numerical
investigation was undertaken to examine chemical and third-body effects of CO..

The previous chapter briefly discussed the outcome of a sample of studies from
the literature involving CO. in combustion. Studies that investigated EGR-related
mixtures in shock tubes found that the addition of CO> played a negligible role in the
combustion of hydrocarbons. All work done for this thesis gave similar results as the
aforementioned studies, even with much higher levels of CO, addition. Even when CO>
concentrations were much greater than those in [31] and [32], the ignition delay time
behavior of all the investigated mixtures showed little variation, if any. This lack of
variation amongst mixtures indicates that CO, with its high dissociation energy, was
essentially non-reactive and did not contribute significantly to the formation or
destruction of radical species.

To verify this negligible chemical effect, numerically, a new species with the
same thermodynamic properties as CO», referred to as FCO2, was introduced into the
Aramco 1.3 mechanism. The addition of this species allowed any thermal and
pressure/third-body effects of CO. to remain in the simulations, while preventing it from
participating chemically. When simulations were run in CHEMKIN with Mix 4, using
FCO: instead of CO., the results of this exchange showed no variation in ignition delay
time behavior. Unlike in flame speed simulations, CO, was found to play no role

chemically relating to ignition delay time and must have only participated thermally
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(still being included in the energy equation to absorb thermal energy) and as a third
body.

When a species behaves as a third body in a chemical reaction, it does not react,
but adds or removes energy from the other species in the reaction through colliding with
them. The effect of these collisions on the reaction depends upon the mixture
concentration of the third body and upon the molecular size/composition of the third
body itself. A parameter related to how much energy is added or removed by a third
body from collisions is the third-body collision efficiency (or chaperon efficiency). The
chaperon efficiency of a given third body affects the progress of a given i" reaction, g;,
as follows (from the CHEMKIN theory manual, [33])

K K K
q; = LZ: i [ X ] (kfi kzl[Xk]V‘{ — kri H[Xk]vl{’> 1)

=1 k=1

Where Xk is the concentration of species Kk, ks and ki are the respective forward and
reverse reaction rates for the reaction, v; and v;" are the stoichiometric coefficients for
the respective left and right sides of the reaction, and a; is the collision efficiency for
species k of the i reaction. In CHEMKIN, the collision efficiency is given a value of 1
for all species unless otherwise specified as a third body. For reactions involving a third
body collision partner in the Aramco 1.3 mechanism, each third body that is able to
participate in a reaction can have a different value for the collision efficiency for each
reaction (although most of the reactions involving CO; are given a value of 2.0 from in
Aramco 1.3). Upon closer examination of Eq. (1), the progress of a given reaction with

third bodies depends upon the molar concentration of each species (the term in square
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brackets). For an ideal gas, this term is directly proportional to the partial pressure of that
component. Thus, the inclusion of a third-body collision efficiency (that is not 1.0) for a
given body is analogous to changing the partial pressure of that collision partner in the
first term of (1).

Since CO; did not react chemically, the next step in the numerical investigation
was to modify the third-body collision efficiencies of CO; in all relevant reactions (there
are 29 of them in Aramco 1.3). This process was conducted solely for Mix 4 since it had
the most CO2, and had a small but quantifiable effect upon ignition delay time over the
range of temperatures investigated. Initially, all the third-body efficiencies were given
values of 1.0 to investigate the effect of CO having equal participation as all other
species in a given reaction. The third body efficiencies for CO. were then given a value
of 20 to determine the effect of greatly exaggerated collision efficiencies. Both
alterations to the collision efficiencies of CO. had little effect upon the ignition delay
time results, which were still within the scatter of the data from the experiments. The
investigation was taken one step further, however, to determine which third-body
reactions had the largest impact upon the ignition delay time results. After further
examination of all reactions, the following reactions (R1-R5) were found to have the
greatest impact when their collision efficiencies for CO2 were modified.

O+H+M=0H+M

R1
HCO+M=H+CO+M R
CH3 + H(+M) = CHA(+M) R3
CH3 + CH3(+M) = C2H6(+M) R4
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H+ 02(+M) = HO2(+M) RS
Of these five key reactions, R1 was by far the most influential, with all others having a
minor effect in modifying the ignition delay time results. Although R1 was most
influential, R2 and R3 still impacted the results, but only in the upper end of the
temperature range. Reactions R4 and R5 had greatest impact in the lower end of the
temperature range. The results of the third-body excursion are shown in Figure 34 and
Figure 35. Calculated ignition delay time results from Mix 1 are also shown for

comparison on each graph.

1000 -
~—~~ ]
(V)]
=
N’ .
E,, —— Mix 4, Regular
(B —— Mix 4, FCO2
Mix 4, All 3rd Bodies=1
- - - Mix 4, Key 3rd Bodies=1

100 ~
] - Mix 4, All 3rd Bodies=20

- Mix 4, Key 3rd Bodies=20

— Mix 1 (air)

, ;
5.5 6.0 6.5 7.0

10%/T

Figure 34. Modeling comparisons of third-body collision efficiencies for Mix 1 and Mix 4 at 1.75 atm.
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Figure 35. Modeling comparisons of third-body collision efficiencies for Mix 1 and 4 at 10 atm.
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CHAPTER V

RECOMMENDATIONS AND FUTURE WORK

As is often the case in the realm of research, not all questions and areas of
concern presented by this study were solved. Going forward, several issues could still
be addressed to improve upon the work already accomplished. These issues need to be
more thoroughly addressed before additional work is undertaken involving mixtures
with high CO2 concentrations.

The most pressing issue seems to be that of the unknown pressure expansions
that prematurely end experiments. While most of the experiments provided good data,
the ones with longer ignition delay times could not be used without unacceptably large
amounts of uncertainty. For example, the experimental times for Mix 4 were less than
half of that for Mix 1. Even Mix 2 had changes in the slope of the pressure traces around
1 ms. This shortened effective test time may not be a large problem now, but if
experiments to examine the slow formation of NOy in real EGR mixtures are to be
conducted, this issue needs to be more thoroughly investigated. As previously discussed,
a potential cause for this early pressure decrease is that of interactions between the
reflected shock wave and the contact surface. However, from a short series of
calculations, the test time observed from experiments in which a pressure drop-off
occurred did not agree well with the test times calculated using shock velocities near the
endwall. A potential explanation for this is a combination of incident-shock attenuation

and boundary-layer growth behind the incident shock creating slower incident shocks
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and the acceleration of the contact surface down the driven section (a non-linear line on
an x-t diagram). Thus, a more thorough investigation into boundary-layer formation in
shock tubes is needed, a problem which has otherwise been well studied. Additionally,
the interaction between the boundary layer and the reflected shock needs examination.
At what point does the transition to turbulence occur and how does the bifurcated
reflected shock behave as it propagates into this region of transition? Were all boundary
layers laminar for the low-pressure mixtures in this study (at least in the region near the
endwall)? These are a sample of the questions that need more pursuit. Another avenue of
investigation is that of experimental conditions behind the reflected shock wave.
Although the normal shock relations are a reliable predictor of conditions behind
the reflected shock wave, the introduction of induced fluid motion can bring about
questions regarding quiescence and uniformity of the bulk region behind the reflected
shock. Since the measurements at the pressure transducers occur at the wall, in a region
of moving fluid away from the bulk behavior behind the shock, the accuracy of Ps
conditions, and those Ts, come into question. A potential way to improve upon the
monitoring of the reflected-shock conditions is by using optical thermometry. Since CO>
has wavelengths suitable for laser absorption in the IR, this is a relatively well-known
procedure in principle to measure reflected-shock temperature using the Beer-Lambert
law at two different wavelengths (or lasers) simultaneously. Use of a laser setup could
also give the added benefit of accurately determining passage of the reflected shock
wave by visualizing the accompanying schlieren spike in the laser signal (as was done

by Petersen and Hanson [10]).
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As was discussed by Vivanco-Gracia in [7], many hardware upgrades need to be
made to the AST facility. Though the HPST facility can be used exclusively, the AST
facility gives added flexibility and is better suited for some of the optical techniques
discussed in the previous paragraph. Many of the hardware issues associated with the
AST are manageable, but an endwall emission diagnostic is greatly needed to improve

the collection of data from experiments.
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CHAPTER VI

SUMMARY

A study was conducted to investigate methane ignition in shock tubes with high
levels of CO> dilution. The experiments were performed on the campus of Texas A&M
University at the Turbomachinery Laboratory in two stainless steel shock tubes
furnished with state-of-the-art measurement equipment. One tube was used for the low-
pressure experiments (the AST) near 1.75 atm, while the other tube (the HPST) was used
for high-pressure experiments near 10 atm. The range of mixtures tested involved
methane in air at an equivalence ratio of ¢ = 0.5. The difference between each mixture
was the composition of the “air”, (0.2102+0.79Nz>) to (0.2102+0.79COz2) with
intermediate combinations of N2/CO; in between. The temperature range over which
these experiments were conducted was approximately 1400 to 1900 K.

Prior to conducting the experiments, many issues were known to the author that
would cause difficulties in conducting the experiments and interpreting the data
collected therefrom. The chief among them was reflected-shock bifurcation and its
subsequent effects. Much fluid motion was generated, making the interpretation of
pressure traces difficult. Also, the combination of pressure noise with suppressed
pressure traces at ignition from increased CO2 made interpretation of ignition delay time
more difficult, but not impossible. Lastly, some of the experiments in the lower end of
the temperature range provided unreliable data due to a pressure expansion occurring

before ignition and prematurely ending some of the tests.
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From the reliable data that were taken, ignition delay times did not vary much
with mixture composition. The ignition delay time data from Mix 4 had greater
uncertainty than the data from Mix 1, but the Arrhenius plots showed that the behaviors
were nearly identical within the scatter of the data. Additionally, a brief numerical
investigation into the kinetic and third-body behavior of CO2 was undertaken. This
investigation revealed that CO> has almost no chemical effect on ignition delay time in
shock tubes. Additionally, the third-body collision efficiency of CO, was modified in all
sub-reactions involving an un-reacting collision partner. Modifying CO>’s collision
efficiency in these reactions from an average value of 2 up to 20 showed hardly any
change in ignition delay time behavior. Thus, it can be concluded that the effect of CO>
in these combustible shock-tube mixtures was merely thermal in nature, absorbing
energy released as heat and lowering flame temperature.

A few areas showed the need for improvement upon conclusion of this study.
The interaction involving the pressure drop-off needs to be investigated more
thoroughly. Reflected-shock conditions are also an area of concern, since the induced
fluid motion from the rear oblique shock and subsequent vortex sheet may disturb the
uniformity of that region and cause the mixture to be non-homogeneous. Lastly, a few
hardware components on the AST need updating to provide better data acquisition

capabilities, such as an endwall window port for emission measurements.
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