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Abstract (100-300 words)

The effects of trimethylsilanol (TMSO) and hexamethyldisiloxane (HMDSO) addition on OH time
histories during syngas (H> and CO) ignition were investigated using the University of Michigan
rapid compression facility. Experiments spanned temperatures of 1010 — 1080 K, at a pressure of
approximately 5 atm. Syngas mixtures of 1.2% H»2/2.8% CO/20% O by volume (balance N> and
Ar) provided a baseline for comparison with mixtures that included 100, 200, and 1000 ppm of the
TMSO and 100 ppm of HMDSO. Narrow-line ultraviolet laser-absorption was used to measure
OH mole-fraction during ignition. The addition of TMSO and HMDSO significantly shifted the

OH time-histories earlier in time, by up to 51%, compared with the baseline syngas mixture. The



value of the maximum OH mole fraction was consistent between the 100 and 200 ppm TMSO
mixtures and the 100 ppm HMDSO mixtures, but the maximum OH increased significantly with
the 1000 ppm TMSO mixtures. The OH data indicate TMSO and HMDSO were not direct sources
of OH radicals. Analysis further indicates the TMSO and HMDSO decompose rapidly followed
by reactions that enhance the production of H atoms, and the increased reactivity observed is via

the H + O, = OH + O reaction.
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Novelty and Significance Statement

This study represents a significant improvement in understanding the combustion chemistry of
siloxanes. It provides the first quantitative measurements of OH concentration during syngas
ignition with trimethylsilanol (TMSO) and hexamethyldisiloxane (HMDSO). The experiments
offer critical data for validating and improving siloxane reaction mechanisms. The integration of
experimental data and modeling approach emphasizes the challenges in accurately representing
silicon-based compounds in combustion systems. This work enhances capabilities of kinetic
modeling and expands the knowledge of organosilicon compound behavior under high-

temperature and high-pressure conditions.
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1. Introduction

Syngas, a fuel mixture primarily composed of hydrogen (Hz) and carbon monoxide (CO),
plays a significant role in contemporary energy and chemical manufacturing systems. Syngas can
be produced from a range of renewable and non-renewable sources, including coal, natural gas,
biomass, municipal waste, and also through ‘solar-to-fuel’ processes. Some syngas production
pathways, particularly biomass waste-to-energy processes, can reduce carbon emissions and
potentially enable carbon negative pathways for power and chemical manufacturing systems [1,2].
Utilization of biomass-derived syngas in combustion systems can present practical challenges
related to the existence of trace species, including compounds that contain silicon, nitrogen, and
sulfur [3,4,5]. Previous studies have investigated the effects of impurities on syngas combustion
properties, providing valuable insights into ignition delay times and flame behaviors. Mathieu et
al. [6,7,8] demonstrated that NH3 generally had minimal impact on ignition delay times, while
CHs significantly enhanced reactivity via CH4 + OH = CH3 + H>O reactions. On the other hand,
H>S showed dual behavior, where H>S reduced ignition delay times under conditions dominated
by HO; radicals, but increased ignition delay times when OH radicals were dominant. Additionally,
H»S exhibited an inhibiting effect on laminar flame speed but only for high concentrations [8].
These studies provided critical insights on how nitrogen and sulfur-based impurities affect syngas
combustion under various conditions. Our work extends understanding on silicon-containing
species, which are critical, yet less studied components of waste-derived syngas.

Although often at low concentrations (part-per-million (ppm) scale), these trace
components have been shown to significantly affect the combustion properties of syngas including
changes in reactivity, heat release rates, thermal efficiencies, flame stabilities, emissions, and other

important performance characteristics [3,4,9,10,11]. In addition to significant impact on



combustion behavior, Si-based siloxane compounds are well known to cause deposits leading to
major fouling and hardware damage in combustion systems [10,12,13]. Understanding the effects
of trace siloxanes on syngas combustion behavior and the processes controlling formation of solid
deposits are critical to the successful utilization of these fuels. An added complication is the
diversity of silicon-organic compounds relevant to waste-to-energy combustion systems, which
include silanols like trimethylsilanol ((CH3)3;SiOH, TMSO), linear siloxanes like
hexamethyldisiloxane  ((CH3)3Si0Si(CH3);, HMDSO) and ring  siloxanes  like
hexamethylcyclotrisiloxane (CsH1sO03Si3) [10,133].

Fundamental studies of siloxane combustion kinetics are currently limited, and gas-phase
siloxane reaction chemistry remains largely uncertain or unknown. Most prior work has focused
on the particle formation processes with emphasis on silica nanoparticle synthesis (e.g., [14,15,16])
due to the importance of siloxanes in materials production. There has been less emphasis on the
fuel consumption and thermal decomposition reactions that are important for heat and power
applications. TMSO and HMDSO are the focus of the current work due to the importance of these
compounds in waste water treatment and landfill biogas [13]. Previous ignition studies of mixtures
of syngas and TMSO or HMDSO by Mansfield and Wooldridge [3] and later work by Schwind
and Wooldridge [4] revealed the addition of these siloxanes at mole fraction levels from 100 to
1000 ppm significantly enhanced syngas reactivity; specifically resulting in shorter auto-ignition
delay times. The prior work by Mansfield and Wooldridge [3] and Schwind and Wooldridge [4]
considered the effects of pressure with experiments at 5, 10 and 15 atm. The promoting effect of
TMSO and HMDSO was observed at all pressures. The authors proposed the increased reactivity
observed with the addition of HMDSO and TMSO to syngas mixtures was likely due to effects on

the formation and consumption of key radical species, particularly HO, and OH, though the exact



pathways were unknown. Two-stage ignition was predicted and observed at higher pressure (15
atm), and the pressure dependence was attributed to the H+Ox(+M) = HO»(+M) reaction [3].
Perturbation analyses conducted by Mansfield and Wooldridge [3] suggested that disruption of
HO> formation and increased consumption of HO, were likely significant factors contributing to
the observed effects. Schwind and Wooldridge [4] computationally considered the direct
production of OH radicals from the decomposition of TMSO and concluded the pathway was
improbable based on qualitative consideration of TMSO reaction kinetics by analogy with
hydrocarbon reaction pathways.

These prior studies indicated OH measurements can provide direct insight into the syngas
reaction kinetics effected by TMSO and HMDSO. Thus, the primary objective of the current work
was to experimentally measure OH radical time histories during syngas ignition with the addition
of varying amounts of HMDSO and TMSO. In the current work, OH data, along with the
corresponding observations of pressure time histories and auto-ignition delay times (determined
from the pressure time histories during ignition) were analyzed to determine insights on the effects
of siloxane addition on syngas combustion kinetics. The interpretation of the results was aided by
comparison of the experimental observations of the OH mole fraction and pressure data with
chemical kinetics modeling. The experimental approach followed the prior work by Mansfield and
Wooldridge [3] and Schwind and Wooldridge [4] where a dilute and fuel-lean syngas composition
(1.2% Haz, 2.8% CO, ¢ = 0.1, by volume) was used as a reference (i.e., baseline) condition and
compared with auto-ignition data from mixtures with the addition of 100, 200, and 1000 ppm of
TMSO and 100 ppm of HMDSO. A nominally fixed pressure (~5 atm) was used for the
experiments to ensure sufficient signal-to-noise for the OH measurements via line-of-sight laser

absorption.



Using the results of the experimental measurements, the current predictive understanding of
the elementary reaction chemistry of TMSO and HMDSO was also evaluated in the current study.
Since the prior work by Mansfield and Wooldridge [3] and Schwind and Wooldridge [4], two
important studies of silanes and siloxanes have been completed that are relevant to the current
work. Janbazi et al. [17] conducted an experimental study on combustion of tetramethylsilane
(TMS), including the creation of a reaction mechanism to describe TMS combustion. As part of
the work by Janbazi et al. [177], they included TMSO reaction chemistry. In a separate recent
study, Huang and Chen [ 18] completed molecular dynamics studies of HMDSO decomposition
chemistry and reaction kinetics. Their work included developing an elementary reaction
mechanism for HMDSO combustion and validating the simulation predictions with results from
HMDSO combustion experiments. The reaction mechanisms from the Janbazi et al. [17] and
Huang and Chen [18] studies were applied to simulate the ignition studies of the current work, and

the results and implications are discussed here.

2. Experimental Methods
2.1. Auto-ignition Delay Time Measurements

A series of auto-ignition experiments for syngas mixtures with TMSO and HMDSO were
conducted using the University of Michigan Rapid Compression Facility (UM-RCF) at initial
conditions targeting 5 atm and temperatures ranging from 1000 to 1100 K. The UM-RCF is a
system uniquely designed to create a homogeneous test volume with uniform high temperature
and pressure conditions using an isentropic compression process. The time-resolved pressure data
are used to determine the auto-ignition delay times of test gas mixtures at different temperature

and pressure conditions. A detailed description of the UM-RCF performance can be found in



Donovan et al. [19]. Briefly, the UM-RCF consists of three main parts: the driver section, the
driven section, and the test section. Before initiating experiments, a free-piston (a sabot with a
replaceable nose cone) is placed between the driver section and driven section. The driven section
is initially evacuated and filled with the test gas mixture. The driver section is subsequently filled
with high-pressure air. The two sections are separated by a globe valve and a Mylar sheet. When
the globe valve is opened, the sheet ruptures, releasing the pressurized air and propelling the piston
through the driven section. This process compresses the test gas mixture into the test section, and
at the end of the compression stroke, the piston seals the test section through an interference fit
with the test section wall.

All test mixtures were prepared in a stainless-steel mixing tank with an automatic stirring
mechanism and were mixed for at least two hours prior to use. The mixture composition was
determined by measuring the relative partial pressure of each gas component. The test gas mixture
used in this study was composed of 1.2% Hz, 2.8% CO, 21.6% O> by volume, with the remaining
volume a mixture of N> and Ar (adjusted to control test temperatures). The resulting equivalence
ratio, ¢, was 0.1 with air levels of dilution. The fuel-lean condition was used to ensure homogenous
ignition in the test section and to facilitate comparison with prior UM-RCF studies. As shown in
Mansfield et al. [20], syngas mixtures with higher equivalence ratios can lead to weak ignition
with inhomogeneous behavior. Such conditions are not suitable for OH measurements due to the
gradients created by local ignition sites. For siloxane experiments, 100, 200, and 1000 ppm of
TMSO and 100 ppm of HMDSO were added to the gas mixture. Ultra-high purity Oz, Ar, N2, and
CO, and pre-purified grade H> (all sourced from Purity Plus) were used. TMSO and HMDSO with

purities of > 97.5% and 98.5% respectively were obtained from Sigma Aldrich.



For all experiments, the pressure time history was obtained in the test section using a
pressure piezoresistive transducer (Kistler 4045A2) and coupled charge amplifier (Kistler 4618A0)
with 100 kHz sampling frequency. Typical uncertainty in the pressure measurements is estimated
as < 2% of total range (~ 0.1 atm) and is primarily attributed to noise from the mechanical impact
of the piston seating at the end of compression. All data were recorded using a digital data
acquisition system (National Instruments cDAQ-9178 chassis coupled with analog input model
cDAQ-9223).

A typical pressure time history during a UM RCF auto-ignition experiment is shown in Fig.
1. The free piston compresses the test gas mixture into the test volume causing a rapid increase in
pressure in the test section until the piston is seated at the end of compression (EOC). The time at
the EOC is set as t = 0 s. After EOC, the pressure decreases slightly due to heat transfer to the
walls of the RCF (Pmin) before a second large pressure increase associated with the auto-ignition
event is observed. The corresponding temperatures throughout the experiment are calculated using
isentropic state relations, the experimentally measured pressure data, and the thermochemical
properties of the test-gas mixture. The pressure data are processed using a 75-point smoothing
algorithm prior to analysis to reduce noise from the mechanical impact of the piston seating and
to reduce electronic noise. The effect of changing the range of the smoothing algorithm by + 50%
is considered in the uncertainty of the experiments. Each experiment is characterized by an initial
thermodynamic state, which is defined as the average pressure and temperature from the EOC to
the time of minimum pressure. Data processing was the primary source of uncertainty in the state
conditions, yielding typical uncertainties of 1-2% for P and T. For this study, P ranged from 4.68
to 5.27 atm and T ranged from 1010 to 1080 K. The equivalence ratio was fixed at ¢ = 0.1 for all

experiments.
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Fig. 1: Typical pressure time history during auto-ignition of 1.2% H>, 2.8% CO, 20% O3, 4.5% Ar

and 71.5% Nz (by volume).

As shown in Fig. 1, the auto-ignition delay time for each experiment is defined as the time
interval from the EOC to the time of maximum rate of pressure rise. The primary source of
uncertainty in determining the auto-ignition delay time is due to data processing of the pressure
measurements, resulting in a typical uncertainty of less than 3%.

The chemiluminescence emitted during ignition was recorded using a high-speed camera
through a transparent polycarbonate end-wall of the test section for each ignition experiment. The
imaging was used to confirm homogeneity of the test-gas mixture in the test section, which enables
analysis of the laser absorption diagnostic (described in detail below). For the imaging, a high-
speed camera (Phantom V711-32G-MAG-C, 512 x512 pixels, CMOS array, frame rate of 25,000
frames per second, 39.6 us exposure time), was used with a 50 mm lens (Navitar, F0.95), a 62 mm

lens (HOYA +2 Zoom), and a 62 mm UV(0) filter (HOYA). Typical images during ignition are
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presented in Fig. 2. The time of the images is relative to the end of compression (t = 0 ms). For all
experiments, the ignition events were quite homogeneous, as seen in the images. The temperature
range of the current work was limited by a combination of the test time, signal-to-noise ratio of

the laser absorption signal and the syngas ignition regime.

Fig. 2: Typical chemiluminescence imaging (brightness enhanced for clarity) from ignition of
syngas with 200 ppm of TMSO (1.2% Hz, 2.8% CO, 200 ppm TMSO, ¢ =0.1, P =5 atm, T = 1050
K). The images correspond to the time of minimum pressure (1.22 ms) and the time of ignition

determined from the pressure data (3.53 ms) relative to the end of compression (0 ms).

2.2. OH Laser-Absorption Measurements

Figure 3 is a schematic of the UM-RCEF test section, laser absorption diagnostic, and high-
speed imaging setup. The laser absorption diagnostic was used to measure OH concentration
during ignition. The high-speed imaging camera was used to record chemiluminescence during
ignition and thereby assess the homogeneity of the gases in the test section as shown in Fig. 2. The
ultraviolet (UV) narrow line laser-absorption diagnostic used to measure OH mole-fraction during
ignition is described in detail in Mansfield [21]. Briefly, the diagnostic consists of a diode-pumped
solid-state laser (Coherent Verdi G7) operating at ~7 W and 532 nm that pumps a continuous-

wave ring-dye laser (Coherent 899-05) operating with Rhodamine 6G dye. The ring-dye laser uses
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intracavity frequency-doubling to generate a UV beam, which is directed to the UM-RCF test
section through a fiber optic cable (Multimode Fiber Optics, Inc., PCU600-10-SF, 10 m length).
The OH measurements were made along the line-of-sight orthogonal to the axis of the RCF and
25mm from the end wall of the test section. The laser is tuned to the resonant frequency of the
R1(5) transition of A2X" « X?I1;(0,0) band of the OH spectrum (vo = 32606.556cm™", 306.687 nm,).
A wavemeter and power meter are used to monitor the UV emission wavelength and power. The
UV laser beam is split into two beams prior to entering the test section for differential absorption
measurements. A portion of the laser emission is sent directly to a dual-input differential
photodetector sensor system (Thorlab PDB220A2) via a fiberoptic cable, while the other portion
of the laser emission is passed through the RCF test section before being focused onto the other
electronically-matched photodetector in the sensor. To maintain the proper resonant frequency the
wavelength is tuned to the maximum laser absorption across a flame prior to each experiment. The
transparent sapphire windows of the test section are heated for ~ 7 mins prior to the start of each

experiment using integrated resistance heaters to avoid water condensation during the experiment.
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Fig. 3: Schematic of UM-RCEF test section and laser-absorption spectroscopy system.

The fractional UV laser absorption is converted to OH mole fraction by applying the Beer-

Lambert expression

(). = exp (- fy ki) 0

Io
where kv is the wavelength-dependent absorption coefficient, I, is the intensity of incident laser
emission, I is the laser emission intensity measured after propagation through the test section, and
L is the path length through the absorbing medium. The path length is approximately 3.5 cm (based
on chemiluminescence imaging) with a beam diameter of approximately 3 mm focused at the
center of the test section. The absorption coefficient, ky, can be defined as the product of the line

strength (S) and the line-shape function (¢, ) [22,23] and assuming mixture homogeneity along the
path length, the OH mole fraction is determined using the following equation:

13



XoH = — Tllen (%)V (2)

where S is the transition strength of the Ri(5) line, @, is the line-shape function, P is the pressure,
and xoy 1s the OH mole fraction. The transition strength of the Ri(5) line is a function of
temperature and various known spectroscopic parameters. The line-shape function, ¢, is a
function of temperature, pressure, and the test gas mixture composition. Doppler and collisional
broadening were considered in the current work and a Voigt convolution of the two factors was
applied to determine the line shape function. Detailed descriptions of calculation methods can be
found in Mansfield [21] and Donovan et al. [23]. Collisional broadening by silicon compounds
(TMSO and HMDSO) was not considered due to low concentrations of these species in the test
gas mixtures. As discussed in Donovan et al. [23], uncertainty in the OH mole-fraction calculation
is the result of the prescribed uncertainty in the path length, the thermodynamic state, and the data
processing. The uncertainty in the OH mole-fraction calculations for this study was +30/-13%.
Typical OH data are presented in Fig. 4. Details on the analysis of the laser emission data
are provided in the Supplemental Material. For all experiments, there was negligible absorption of
the laser emission before the end of compression, and peak absorption consistently occurred at the
time of ignition based on the pressure time history. Laser data near the end of compression were
excluded from the OH analysis due to the large mechanical noise caused by the impact of the free
piston. Auto-ignition delay times determined from the OH data (defined as the time from EOC to

the time of maximum OH) were virtually identical to Tign determined exclusively from the P data.
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Fig. 4: Typical experimental results for you (blue dash line) and pressure (black solid line) for a
reference syngas mixture (1.2% H», 2.8% CO, 20% O», 4.5% Ar, 71.5% N> by volume) at P = 5.08

atmand T = 1051 K.

2.3 Kinetics Modeling

In the current work, the experimental observations for the OH and pressure time-histories
and the autoignition delay times are compared with results of detailed kinetics modeling of syngas
ignition using the reaction mechanism for syngas created by Li et al. [24]. For TMSO, the TMS
reaction mechanism by Janbazi et al. [17] was used, which includes the syngas reaction chemistry
from Li et al. [24] and TMSO reaction chemistry. For HMDSO, the reaction mechanism created
by Huang and Chen [18] was initially tested, but there was poor agreement with the syngas baseline
results for ignition delay time (with model predictions 8 to 10 times faster than the experimental
measurements). Thus, a new reaction mechanism was created by combining the HMDSO reaction
chemistry from Huang and Chen [18] with the syngas mechanism by Li et al. [24]. The HMDSO

reaction mechanism and associated thermodynamic data are provided in the Supplemental Material.
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Recent work by Chatelain et al. [25,26] compared six reaction mechanisms for silane (SiHa)
including prior work from the UM-RCF research group (Miller et al. [27]) and includes more
recent estimates for some Si/H/O reactions. Although silanes and siloxanes share some similar
molecular structures, their detailed reaction pathways are quite different. Comparison of the
reaction chemistry indicates silane reaction pathways are not active in TMSO and HMDSO
ignition systems. However, for completeness, silane chemistry from Chatelain et al. [255,266] was
incorporated into the TMSO and HMDSO mechanisms used in the current study. The simulations
showed no observable differences compared with the original mechanisms, and thus the original
reaction mechanisms without silane reaction chemistry were used throughout this study.

For all model simulations, the 0-D Closed Homogeneous Batch Reactor/Chemkin program
(version 10131, x64) [28] was used. He et al. [22] provide detailed discussion on various modeling
approaches applicable to UM-RCF experiments, including a comparative analysis of the different
approaches. Consistent with the recommendations by He et al. [22], the experimental conditions
(average T and P, and reactant mixture) were used here as the initial conditions for the simulations,

and ignition was modeled as a constant internal energy and constant volume system.

3. Results
3.1 Auto-Ignition Delay Time

The auto-ignition experiments were conducted in the UM-RCF for syngas mixtures with
100, 200, and 1000 ppm of TMSO and 100 ppm of HMDSO at conditions of ~5 atm, 1010-1080
K, and ¢ =0.1. A summary of the experimental conditions and results for auto-ignition delay time
and the key OH features are provided in the Supplemental Material. The auto-ignition delay time

results for the syngas mixtures with TMSO and HMDSO are presented in the Arrhenius diagram
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in Fig. 5. The results show typical linear log Tign versus 1/T behavior for each mixture composition,
and it is evident the addition of both TMSO and HMDSO to the syngas mixtures systematically
enhanced reactivity yielding faster (i.e., smaller) auto-ignition delay times. Specifically, compared
with the syngas mixtures without siloxanes, the addition of 100 ppm TMSO reduced the ignition
delay time by up to 35%, and 100 ppm HMDSO decreased the ignition delay time by 53% at
similar experimental conditions. The 1000 ppm TMSO mixtures yielded auto-ignition delay times
more than a factor of three faster than the baseline syngas mixture. Best fit linear regressions for
Tign for each mixture are provided in Fig. 5 and Table 1. The activation energies are consistent for
the different mixtures, except for 200 ppm TMSO, which has the smallest temperature range for
fitting. The auto-ignition delay time data are in excellent agreement with findings from Schwind
and Wooldridge [4] and Manstield and Wooldridge [3] for syngas with trace TMSO at similar
pressure and temperatures. Comparison of the ignition data from the current work and the previous

RCEF studies is provided in the Supplemental Material.
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Fig. 5: Comparison of auto-ignition delay time data of syngas mixtures (1.2% Hoz, 2.8% CO, and
¢ = 0.1) with the addition of TMSO or HMDSO (average pressure of 5.05 atm for all experiments
presented in the figure). The error bars are the uncertainty in the measurements. Some uncertainties
are smaller than the size of the symbols. The lines are linear regressions for each mixture in the

form 1,4y, [ms] = A exp(E,/RT). Fit parameters for the regressions are provided in Table 1.

Table 1: Best-fit results for the pre-exponential factor A, activation energy Ea, and corresponding
standard errors (SE) and coefficient of determination (R?) of the linear regression fits for the auto-

ignition delay time (t;4,, [ms] = A exp(E,/RT)) results presented in Fig. 5.

Mixture A [ms] SE 4 [ms] Ea [kcal/mol] SEg, [kcal/mol] R?
Syngas 6.9x10°2 1.0x107" 95.9 3.1 0.995
Synggsl\IDlgg pPM (18 8.0x10"7 89.2 16.6 0.906
Synga; 1\+4 égo pPm gl 1019 8.3x10°1° 91.3 4.5 0.991
Synga; 1\+/1 égo pPm o017 2.0x10716 81.1 8.8 0.977
Syngas + 1000 1 7%107'8 5.8x10°18 86.5 6.8 0.976

ppm TMSO

3.2 OH Time Histories

Figure 6 presents typical OH mole fraction and the corresponding pressure time histories
from syngas, TMSO, and HMDSO experiments with nominally the same temperature (1042 to
1052 K). The general shape of the OH time histories were consistent regardless of the presence of
TMSO or HMDSO, with rapid formation of OH followed by rapid consumption. For all

experiments, the time of maximum OH was coincident with the ignition delay time determined
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from the pressure data. However, for all experiments with siloxanes, OH was formed earlier than
for the baseline syngas mixtures, as seen in the data in Fig. 6. The maximum values of OH mole
fraction were similar for the baseline syngas, 100 ppm and 200 ppm TMSO, and the 100 ppm

HMDSO mixtures as seen in Fig. 7; however, the maximum level of OH was significantly higher

for the 1000 ppm TMSO mixtures.
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Fig. 6: Comparison of (a) OH mole-fraction and (b) corresponding pressure time histories for the
ignition of syngas mixtures (1.2% Ha, 2.8% CO, ¢ = 0.1) with addition of TMSO and HMDSO.
The average temperatures and pressures are 1051 K and 5.08 atm for pure syngas, 1051 K and
5.08 atm for 100 ppm TMSO, 1050 K and 5.11 atm for 200 ppm TMSO, 1042 K and 5.10 atm for

1000 ppm TMSO, and 1052 K and 5.36 atm for 100 ppm HMDSO.
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Fig. 7: Maximum OH mole fraction (Xoy) during ignition of syngas mixtures (1.2% H> and 2.8%

CO) with TMSO or HMDSO at an average pressure of 5.05 atm and ¢ = 0.1.

As seen in Fig. 6, the OH data also indicate OH was not completely consumed during the
observation period after ignition. The final conditions of ignition experiments are generally defined
by thermal equilibrium (e.g., enthalpies of formation and assumptions of complete combustion
[22]), and not reaction kinetics; whereas, the formation and removal of OH, rate of heat release

rate and pressure rise are determined by the finite rate reaction chemistry. Regarding thermal
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equilibrium after ignition, combustion of siloxanes will release significant energy via the formation
of solid-phase silica (SiO2s) because the particle nucleation process is highly exothermic. The
experimental results indicate progressively higher post-ignition pressure with increasing Si in the
mixture (see Fig. 6), consistent with heat release from particle formation.

In Fig. 8, the OH mole-fraction time histories for the TMSO syngas mixtures have been
shifted (e.g., translated) to directly compare the rate of OH formation and consumption rates near
the time of ignition. The measurements indicate lower concentrations of TMSO (100 ppm and 200
ppm) do not significantly influence the rate of OH formation or consumption. Thus, the TMSO
and HMDSO reactions are not rate limiting to the formation of OH, and TMSO and HMDSO are
not directly producing OH. However, at 1000 ppm TMSO, the formation and consumption of OH
occur more rapidly compared with the lower TMSO concentrations. This indicates additional OH
production reactions are promoted with the higher levels of TMSO, also leading to a higher peak
of OH mole fraction as seen in Fig. 6. Kinetics modeling provides additional insight into the

potential reaction pathways effected by the siloxanes
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Fig. 8: Comparison of OH time histories where the data have been shifted (i.e., translated) to set
the maximum OH value as youn = 0 and the time of OH maximum as t = 0 ms, for baseline syngas
mixtures (1.2% Hz, 2.8% CO, ¢ = 0.1) and syngas mixtures with of TMSO or HMDSO. The
temperature of the experiments ranged from 1042 K (1000 ppm TMSO) to 1052 K (100 ppm

HMDSO) with an average pressure of 5.12 atm.

4. Discussion

The results of the current work directly confirm OH production is enhanced with the
addition of TMSO and HMDSO to syngas mixtures; specifically, OH formation occurs much
earlier with the addition of TMSO and HMDSO compared with a baseline syngas mixture. The
observation that the OH time histories are shifted in time (see Fig. 6), rather than the OH
proportionally increasing relative to the amount of TMSO in the mixture (see Figs. 6-8) indicates
OH is not directly formed by scission of the OH moiety from the TMSO or by reactions directly
producing OH from reaction with HMDSO or TMSO. The trends suggest OH is created via
reactions where the siloxane kinetics are not rate limiting. The potential reaction pathways affected
by the addition of TMSO and HMDSO to syngas are considered here using elementary reaction

kinetics modeling for the different reactant mixtures.

4.1. Syngas Reaction Modeling

The baseline syngas reaction kinetics of Li et al. [24] were verified using the experimental
data from the current work. Comparison of the model predictions for OH mole fraction and auto-
ignition delay time for the reference syngas mixtures (with no organic-silicon compounds in the

mixtures) were in good agreement with the experimental measurements (i.e., within the
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computational and experimental uncertainties). Model and experimental comparisons, species
time histories, sensitivity analysis, and rate of production analysis for the baseline syngas mixture
are provided in the Supplemental Material. The results show the OH and auto-ignition delay time
data are most sensitive to competition between the H + O, = OH + O and the H+O>(+M) = HO2(+M)
reactions. It is important to note the results and analysis presented here are for the conditions
studied and scientific considerations should be used before extrapolating the results or conclusions

to other conditions.

4.2. TMSO Reaction Modeling

As described earlier, the TMS reaction mechanism by Janbazi et al. [17] includes TMSO
chemistry and incorporates the syngas reaction mechanism by Li et al. [24]. Simulation results
using the Janbazi reaction mechanism and experimental results for OH mole-fractions for ignition
of syngas and a syngas mixture with TMSO at T = 1050 K are presented in Fig. 9. The syngas-
only experimental and simulation results are in excellent agreement. For the TMSO mixture, the
comparison with the experimental data shows there is a good correlation regarding the shape of
the OH time history and the maximum OH mole fraction; however, the effect of the TMSO on the
ignition timing is opposite to the experimental observation. The simulation predicts longer ignition

delay times with the addition of TMSO to syngas in contrast to the experimental observations.
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Fig. 9: Comparison of experimental (solid) and simulation (dashed) results for OH mole-fraction
using the TMSO reaction mechanism for 1051 K and 5.08 atm. Blue lines are results for syngas

ignition and red lines are results for syngas with 100 ppm TMSO.

Comparisons of the auto-ignition delay times and the maximum OH mole fractions for the
100 ppm and 1000 ppm TMSO mixtures are provided in Figs. 10 and 11. The Janbazi reaction
chemistry predicts a lower activation energy for the TMSO mixtures compared with the
experimental data and longer ignition delay times than the experimental measurements for both
the 100 ppm and the 1000 ppm TMSO mixtures, with significant discrepancy from the
experimental measurements for the 1000 ppm TMSO mixtures. However, the peak OH values
predicted by the TMSO mechanism are generally within the scatter of the experimental data and
confirm the experimental observation of negligible sensitivity of maximum OH with the addition
of 100 ppm TMSO, but significant impact with the addition of 1000 ppm TMSO.

There are several potential sources of discrepancy in the TMSO model, including the

thermodynamic data (particularly for radical intermediate silicon containing species), incorrect
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rate coefficients (in particular because the TMS and TMSO chemistry was created for low-pressure
combustion) or missing reactions. Regarding this last issue, the absence of reactions involving
HO> with TMSO chemistry may be a problem. Given the critical role of HO in syngas ignition
kinetics, the omission could be significant. In addition, the lack of Si-C bond scission reactions,
which are present in the HMDSO mechanism, may also be a limitation of the TMSO reaction
mechanism. The Si-C scission reactions may contribute to CH3 radical formation, enhancing OH
production and promoting faster ignition. Improving the TMSO reaction chemistry is the subject

of on-going fundamental research.
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Fig. 10: Comparison between model predictions using the reaction mechanism by Janbazi et al.
[17] (lines) and experimental measurements (symbols) of auto-ignition delay times for TMSO and

baseline syngas mixtures. Data include pressures from 4.68 to 5.27 atm.
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syngas mixtures. Data include pressures from 4.68 to 5.27 atm.

The TMSO reaction chemistry was interrogated using sensitivity and rate of production
analyses to understand the effect of TMSO on the reaction pathways. The detailed results are
provided in the Supplemental Material. Briefly, the analyses indicate the same reactions are
important as with the baseline syngas reaction mechanisms, with slight shifts in magnitude. No
reactions involving Si-containing species appear in the sensitivity or rate of production analysis

for OH with the reaction mechanism by Janbazi et al. [17].

4.3. HMDSO Reaction Modeling

Figure 12 compares model predictions using the HMDSO reaction mechanism with
experimental measurements of OH time histories for 1052 K. The model results correctly

reproduce the promoting effect of HMDSO on OH formation, consistent with faster ignition delay
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time, and the general features of the OH time histories are consistent between the model and the

experiments. Specifically, both show the addition of HMDSO leads to earlier production of OH

and similar maximum OH (within ~15%).

300 T T T '

—~

£ T=1052K Peak fon___~ Peakyoy —»

o P =5.29 atm K

oY \

T 200 +
(@)

=

=

.0

©

o 100

—

y—

o

(@)

£ s

....... yngas_exp
T [0 S — Vl\u —— Syngas+100ppm HMDSO_exp
O ........ Syngas_sim
.......... Syngas+100ppm HMDSO_sim
. I . L . L . ! *
Time (ms)

Fig. 12. Comparison of experimental (solid) and simulation (dashed) results for OH mole-fraction
using the HMDSO reaction mechanism for 1052 K and 5.29 atm. Blue lines are results for syngas

ignition and red lines are results for syngas with 100 ppm HMDSO.

Figures 13 and 14 present the experimental and modeling results for auto-ignition delay
time and maximum OH mole fractions for the HMDSO mixtures. While the model predictions for
the mixtures with HMDSO are systematically faster than the experimental observations, the
ignition delay times are within a factor of two, which is good agreement given the uncertainties in
the HMDSO chemistry. The model predictions for the maximum OH values are also in good

agreement with the experimental measurements (within the scatter of the experimental data).
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To understand the pathway for HMDSO to accelerate auto-ignition delay times and the
time of formation of OH, sensitivity and rate of production analyses were conducted. The results
are briefly summarized here, and the details are provided in Fig. 15. The HMDSO simulations
indicate HMDSO is consumed very rapidly, within 1 ms, correlating with the rapid initial
production of HO,. The H+O; reactions (forming OH + O and HO») were identified as the
dominant reactions affecting OH radical formation and consumption during ignition, as found with
syngas ignition without siloxanes. However, Si-C scission reaction was also identified as important,
indicating HMDSO thermal decomposition chemistry plays a significant role in the very early
reaction processes. While methyl radicals will increase the reactivity of the mixture, the sensitivity
analysis indicates the mechanism for accelerating ignition and earlier formation of OH is through

increased production of H atoms.
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Fig. 15: Results for a) rate of production analysis and b) sensitivity analysis for OH for during
ignition of HMDSO and syngas (1.2% Ha, 2.8% CO, 100 ppm HMDSO, ¢ = 0.1, 5 atm, and 1050

K) using the HMDSO chemistry of Huang and Chen [18] and syngas chemistry of Li et al. [24].
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5. Conclusions

The effects of TMSO and HMDSO addition on OH during auto-ignition of H> and CO
mixtures were investigated and quantified in the current work. The results show earlier formation
of OH with the addition of TMSO and HMDSO to syngas mixtures at 5 atm in the temperature
range of 1010-1080 K. For mixtures with siloxane mole fractions of 100 ppm and 200 ppm, similar
maximum values of OH mole fractions were measured. However, for 1000 ppm TMSO, increased
OH production and consumption were observed, indicating a shift in the dominant reaction kinetics.
The OH results for the mixtures with lower levels of siloxane addition show TMSO is not a direct
source of OH. In addition, because the OH values did not increase with increasing TMSO content
in the reactant mixture, the experimental results indicate TMSO is not a rate-limiting source of OH
radicals. Comparison of the OH data for TMSO and HMDSO indicate the reaction pathway
causing the earlier formation of OH may be similar for the two compounds, specifically, rapid
decomposition leads to increased production of H atoms, which then accelerates the production of
OH viaH + O2=0H + O.

Comparison of the experimental data with modeling using elementary reaction
mechanisms for TMSO and HMDSO showed good agreement (within a factor of two for auto-
ignition delay time and within the scatter for maximum OH) for HMDSO, but considerable
discrepancies for TMSO (where the reaction mechanism indicated a decelerating effect with
TMSO addition). The reaction mechanisms will need considerable additional validation and
verification beyond the current work, but provide a framework to guide further fundamental
kinetics experiments, and the OH results provide important quantitative data to test and further

develop siloxane reaction kinetics.
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