‘ ! ! . LLNL-JRNL-751484

LAWRENCE
LIVERMORE
NATIONAL

womrone | Plasma Flow Reactor Chemical Kinetics:
A Method Toward Optimizing
Nano-Manufacturing and Laser Inertial
Fusion Energy Strategies

B. Koroglu, M. Mehl, J. Crowhurst, J. M. Zaug, T.
Rose, H. Radousky, M. Armstrong

May 17, 2018

Plasma Physics and Controlled Fusion




Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
government. Neither the United States government nor Lawrence Livermore National Security, LLC,
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States government or Lawrence Livermore National Security, LLC. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United States government or
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product
endorsement purposes.



Experimental and Modeling Study of Chemical-Based Strategies for Mitigating Dust Formation in

Fusion Reactors
Journal of Plasma Physics and Controlled Fusion

LLNL-JRNL-751484

This work was performed under the auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract DE-AC52-07NA27344.

Batikan Koroglu*, Marco Mehl®, Jonathan C. Crowhurst, Joseph M. Zaug,
Timothy P. Rose, Harry B. Radousky, and Michael R. Armstrong

Lawrence Livermore National Laboratory, Livermore CA, 94550, USA

$ Present address: Department of Chemistry, Materials, and Chemical Engineering,

Politecnico di Milano

*Corresponding Author: koroglul@linl.gov

Abstract:

We studied carbon/hydrogen/oxygen chemical Kinetics at time scales and thermal conditions relevant to
fusion energy applications using a custom-built plasma flow reactor to investigate chemical-based strategies
for eliminating carbon dust formation in fusion reactors. Acetylene and oxygen gases under varying
conditions of initial concentrations are injected into an inductively coupled argon plasma where complete
molecular dissociation occurs. The evolution of chemical species is investigated along the plasma flow
reactor as a function of temperature and residence time. Atomized species of C, H, and O cool from 5000
K to 1000 K within 30 ms at atmospheric pressures. We employed optical emission and infrared absorption
spectroscopy to measure the reaction intermediates (e.g. C,) and products (e.g. CoH>). Chemical equilibrium
models are inadequate to describe the evolution of carbon molecular products, and thus a chemical kinetics
model is developed. In both experiments and kinetic modelling, we find that the addition of oxygen in 1:1
proportion to carbon strongly favors the formation of CO, preventing the formation of acetylene (an
important soot precursor) in less than 10 milliseconds. The kinetics model is also used to perform a reaction
sensitivity and a rate of production analyses to identify the rate determining steps and the major chemical
pathways that control the acetylene production/consumption. The results demonstrate the feasibility of
chemical-based strategies for eliminating the formation of carbonaceous particles in fusion energy reactors.



1. INTRODUCTION

Hydrogen isotope retention to carbonaceous or metallic components of fusion devices results
in the formation of radioactive dust due to plasma-surface interactions, which poses operational
and safety concerns in the development of fusion energy reactors 1. The dust affects plasma
operation, deteriorating its stability and overall performance. Therefore, understanding the dust
formation mechanism in fusion environments is crucial to prevent the associated contamination
issues. Prior studies of dust formation mechanisms included post mortem analysis of particles (e.g.
carbon, tungsten, beryllium) collected from tokamaks'>® and small-scale experimental setups (e.g.
argon-acetylene plasma torches)®’ designed to simulate the fusion reactor environment. Electron
microscope images of dust from both types of tests revealed substantial similarities. Spherical
particles with fractal columnar growth were attributed to particle growth from hydrocarbon
precursors in the gas phase®®. Additional laboratory-scale experiments at conditions relevant to
plasma-wall interactions in fusion reactors are necessary to better understand the mechanisms of
dust formation and to accurately predict the rate and amount of dust formation.

In the field of inertial confinement fusion (ICF), a technical approach where carbon dust could
be detrimental involves the injection of a continuous input stream of fusion target materials
(including tritium and carbon) into a large chamber analogous to the National Ignition Facility
target chamber at LLNL!%!, Radioactive hydrocarbons would condense as solids on the inner wall
of the chamber, leading to costly contamination issues. Although different methods have been
investigated to remove carbon deposits from plasma-facing components of fusion reactors (e.g.
chemical oxidation, laser ablation '>7¢), simultaneous operation and cleaning by means of
chemical oxidation was not tested before. A proposed method to prevent hydrocarbon
accumulation during reactor operation is to add oxygen to the input stream of gasses to generate
carbon monoxide/dioxide instead of carbon dust. We examine the proposed mitigation strategy
using a custom-built atmospheric pressure plasma flow reactor!” and investigate the mechanisms
of carbon dust formation at temperatures relevant to plasma-wall interactions in fusion reactors.

The mechanism of sub-micron carbonaceous particle formation (i.e. soot) from gaseous
hydrocarbon precursors (e.g. acetylene) was studied before during combustion/pyrolysis processes
18-23 It was shown that polycyclic aromatic hydrocarbons (PAHS) grow towards the soot particles
via the H-Abstraction-C;H> (acetylene)-Addition mechanism (HACA). The process starts with the

creation of the first aromatic ring (i.e. benzene) via combination of CsHs with CzH> (or via
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combination of two C3Hs radicals) and a production of a hydrogen radical. After that, the benzene
forms a naphthalene molecule (i.e. two fused benzene rings) through two successive HACA
reactions. The same repetitive cyclisation continues and produces a pyrene molecule that includes
four fused benzene rings. The genesis of soot is assumed to result from the condensation of two
pyrene molecules?*. Previous research showed that soot formation in laboratory plasmas occurs by
the same HACA mechanism at moderate pressures (e.g. P > 200 mbar)?*% due to rapid
thermalization of species as a result of increased number of collisions. It was also shown that
acetylene plays an equally important role as a soot precursor in low pressure plasmas (P = 0.27
mbar) where the reactions between acetylene and ionic species contribute to the growth of
carbonaceous clusters 226, Since acetylene is the key molecule in carbon dust formation, we
monitor acetylene formation in our plasma flow reactor as a function of input carbon/oxygen
concentration to investigate the proposed method of preventing carbon dust formation in ICF
environments®® via oxygen addition to the input stream of gasses.

Acetylene is also well-suited as a starting material for studying carbonaceous particle
formation in laboratory plasmas due to its high carbon/hydrogen content 2”2, Therefore, in this
study we inject acetylene gas into our inductively coupled argon plasma torch and investigate the
evolution of chemical species along the flow reactor as a function of temperature and residence
time. Low concentrations of acetylene and oxygen gasses (e.g. 54 ppm to 540 ppm) are used to
ensure the molecules are fully dissociated into their constituent elements as they pass through the
argon plasma. UV/VIS emission spectroscopy is used to monitor the high-temperature formation
of diatomic carbon molecules from carbon atoms resulting from acetylene decomposition. Infrared
absorption spectroscopy is used to measure the formation of new C;H, molecules downstream of
the plasma, and to monitor how CzH> formation varies with input oxygen concentration. We also
assembled a chemical kinetics model for the C/H/O system, performed a reaction sensitivity and a
rate of production analyses to determine the important reactions controlling the output acetylene
yield, and validated the model predictions using our experimental results. The model provides a
predictive capability that can be used to begin optimizing extreme condition performance within a

fusion reactor environment.
2. EXPERIMENTAL MEASUREMENTS

A plasma flow reactor 17 is used as a proxy to generate thermodynamic conditions similar to

the outer and thermally cooler regions of proposed fusion energy ignition chambers!®!!, In terms
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of mass-flow time-scale (tens of milliseconds), temperature range (6000 K < T < 300 K), and
experimental convenience, the combination of an inductively coupled plasma and a laminar flow
reactor is well-suited to investigate the chemical kinetic pathways leading to dust formation in
fusion reactors. Experimental details are illustrated in Figure 1. The reactor consists of a 20 mm
OD inductively coupled plasma (ICP) torch attached to a 40 mm OD quartz tube by means of an
adapter. The outermost, central, and innermost argon flow rates through the ICP torch were set to
18, 0, and 0.3 I/min, respectively. Two additional flow controllers (Omega, FMA 2616A and
FMA-2604A) were used in this study to introduce small amounts of acetylene and oxygen gasses
into the argon plasma. Acetylene amount was varied between 1 and 10 ml/min, whereas the oxygen
amount ranged from 0 to 15 ml/min. These settings yielded acetylene input concentrations between
54 and 540 ppm. Our flow controllers were also equipped with absolute pressure sensors to monitor
the atmospheric pressure during the course of our experiments.

A moving stage is vertically positioned next to the plasma flow reactor to accommodate optical
components. Labview-code was written to control a stepper-motor to adjust stage position with
high precision (+/-0.01 cm). The UV/VIS emission spectra of hot gases (T ~ 3500 K) were
measured at 4 cm distance from the end of the RF coil to detect diatomic carbon and to determine
temperature. In addition, infrared spectra near 3000 nm (3333 cm™) were recorded to detect
recombined C2H2 molecules at 16 and 116 cm positions along the flow reactor where measured
temperatures were 950 K and 320 K respectively. Additional experimental details are discussed in
the next section.

UV-VIS optical emission spectroscopy is
used to measure C and C, spectra and to
determine the gas temperature

A

Grating
Spectrometer

Laser @ 2998 nm

OA

~

Infrared absorption spectroscopy
is used to measure C,H,

concentration Analyte flow

e.g. CZHZI 02

Figure 1. The schematic of the plasma flow reactor experimental setup.
(NDF: Neutral density filter, MCT: Mercury Cadmium Telluride Detector, BPF: Band pass filter)
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2.1 C2H2 Concentration Measurement

The detection of stable acetylene downstream of the plasma flow reactor was performed using
laser absorption spectroscopy. CoHz has a structurally resolved strong absorption near 2998 nm. A
fixed wavelength laser absorption diagnostic scheme was developed by Stranic and Hanson?® in
this region to measure CoH> concentration at high temperatures (T > 1000 K) during the pyrolysis
of higher order hydrocarbons. Other species such as CO, CO2, CH4, and H2O can produce
interference absorption and hence lead to uncertainties in C2H> concentration measurements.
Therefore, the measurements were performed at two wavelengths with a very narrow line spacing
(Avalley = 2997.8 nm and Apeak = 2998.0 nm). Optical absorption measured at the valley wavelength
was subtracted from absorption at the peak wavelength. In this way, interferences were eliminated
because other species had broad and unstructured absorption spectra at the chosen wavelength pair.
The resulting differential absorption was used to determine the C2H> concentration. Empirical
formulations giving the dependence of absorption cross sections of acetylene for the chosen
wavelength pair were reported as a function of temperature and pressure (1070 < T < 1720 K and
0.8 < P < 4.0 atm)®. These reported cross sections were used here to obtain absolute CzH>
concentrations from measured infrared absorption at Apeak and Avalley-

An example acetylene concentration measurement was reported in our recent publication .
We used the same laser and detector configuration in the present study. Infrared light from a
continuous-wave distributed feedback inter-band cascade laser (Nanoplus DFB ICL) was
modulated near 2998 nm to measure acetylene (C2H) absorption. The position-controlled laser
beam passes through the flow reactor and is incident on a thermoelectrically cooled HgCdTe
(MCT) detector (Vigo Systems PVI-3TE-4). The ratio of sample and reference signal intensity
(Isampie/Iref) Was measured to obtain the C2H2 mole fraction from the Beer-Lambert law:

|
@, =—IN(E), — (2,7 P) L 1)

ref

where «, is the absorbance at wavelength A, o [cm?/mol] is the absorption cross section, Piot

[atm] is the total pressure within the system, and T [K] is the temperature of the gas. L [cm] is the
optical path length (flow reactor inner diameter is 3.7 cm), R is the universal gas constant, and y is

the mole fraction of the absorbing species. Reference intensity, [ I ], was measured when only

ref

argon was flowing through the reactor. Research grade argon (99.999%) was used during the tests.



The room temperature absorption coefficient of acetylene measured using the plasma flow
reactor (when the RF generator was not in operation) is shown in Figure 2. The results are
compared to selected measurements of Stranic and Hanson %°. Very good agreement was observed.
Our measurements were taken using 536 ppm of acetylene in argon buffer gas at 296 K. Similar
spectral measurements were performed for a range of C2H> concentrations (54 ppm < Xc2n2 < 540
ppm) to compare the measured concentrations with those determined from the flow rate settings

on the digital flow controllers. The two measurements agreed to within +2%.
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Figure 2. Comparison of absorption coefficients of acetylene with literature data at 296 K.
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2.2 Emission Measurements of Diatomic Carbon

A low resolution (FWHM=0.5 nm) spectrometer (Ocean optics, USB 2000+XR1-ES) recorded
vibrational sequences (Av = 0, 1) of diatomic carbon (d*ITg— a°T1,) between 440 and 580 nm.
Oxygen concentration was adjusted during these measurements to determine corresponding
variations in relative C, concentrations. Three sample spectra that are recorded 4 cm downstream
of the RF coil are shown in Figure 3. Diatomic carbon emission intensity decreased with increasing
oxygen concentration. Correlations to oxygen concentration are discussed below in Section 4.2.
We also recorded the emission spectra of carbon atoms centered at 247.8 nm as well as the
emission of the diatomic carbon as a function of distance along the flow reactor. We observed that
the diatomic carbon molecules were fully dissociated into carbon atoms at 1.7 cm downstream of

the RF coil. The absence of diatomic carbon at 1.7 cm indicates complete dissociation of acetylene



as it passes through the argon plasma. Molecular emission of C, was observed once again 4 cm

downstream of the plasma torch due to the recombination of carbon atoms at cooler temperatures.
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Figure 3 Molecular emission intensities of C2for various concentrations of oxygen. Input concentration of
C2H2 was fixed at 270 ppm, whereas oxygen amount was varied.

2.3 Temperature Measurements

The closely spaced rotational transitions of diatomic molecules (e.g. C> and AlO) enable the
determination of the gas kinetic temperature®®=2. In our previous works'", we measured the
rotational spectra of the AIO molecules in addition to the purely electronic transitions of Fe atoms
and determined the rotational and electron temperatures, respectively. The measurements were
taken at multiple locations 2 cm after the end of the RF coil. The two temperatures were consistent
within the measurement uncertainties, +/- 10%. Therefore, local thermodynamic equilibrium was
established between different degrees of freedom for different species. In this study, we measure
the rotational temperature using the rotational transitions of diatomic carbon molecules and report
that as the gas kinetic temperature within our plasma-flow reactor.

A high-resolution grating spectrometer (JY Horiba, HR 460; FWHM spectral resolution = 0.05
nm) recorded emission spectra from C> molecules. Molecular emission measurements enabled
temperature determinations to be made relatively near (4 cm) to the RF coil. The measured spectral
intensities and line positions were calibrated using a halogen lamp (Ocean optics, HL-3 plus-CAL-
EXT) and a neon lamp, respectively. Parigger et al. * published line strength tables for various
molecules (e.g. C2, CN, AlO) and a Nelder Mead Temperature (NMT) least squares fitting program
for plasma applications. We used this tool to determine temperatures from the measured spectra.

The modeled fit to the measured C, emission spectra is shown in Figure 4. Temperature was



determined to be 3534 K +£353 K. (Temperatures determined using this method have a reported
uncertainty of £10% *.) We performed similar data fittings across different C, emission spectral
regions; variations in calculated temperatures were well within expected uncertainties. The C»
emission spectra were also recorded at the same location along the reactor when oxygen and
acetylene gases were input together to the argon plasma. The variation in calculated temperatures
as a function of analyte concentration ranged from 3500 K to 3700 K and is, again, within the

uncertainty of the measurements (£10%).
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Figure 4. Example emission spectra of diatomic carbon. The determined temperature (by comparison to a
theoretical calculation) is 3534 + 353 K 34 The residual curve (i.e. measurement minus fit) is plotted at the
bottom of the Figure.

3. KINETIC AND EQUILIBRIUM MODELS

A detailed reaction mechanism was assembled to describe the high temperature decomposition
and recombination kinetics of acetylene (C:H2) in argon buffer gas in high/low oxygen
environments. Acetylene is completely dissociated into its atomic species after passing through
the inductively coupled argon plasma. Reaction rates describing the dissociation of species such
as CzoHz, Cz, CH, and CO are taken from the literature 3. Those reaction pathways are
summarized in Table 1 together with their associated rate constants, k, from the modified

Arrhenius form,

E
k=AT" —act 2
eXIO(RT), (2



where A is the pre-exponential factor [cm®/mol s], T is the temperature [K], Eact is the activation
energy [cal /mol], n is the temperature power constant, and R is the universal gas constant (1.987
cal/mol K). The chemistry at lower temperatures (T < 3500 K) is expected to follow reactions
similar to a combustion system involving radicals (e.g. CH) and formation of stable molecules
(e.g. CH4, CoHo, etc.). As a result, we combined the reactions and species listed in Table 1 with
the detailed kinetic mechanism of Miller and Klippenstein #4. In addition, we included other
reactions to describe the formation of aromatic species with one (e.g. CsHs)*“ and two rings
(C10Hs)*. Our assembled reaction mechanism includes 756 reactions and 128 chemical species.

Table 1. Reactions and kinetic parameters adopted in the kinetic mechanism to describe the high
temperature decomposition/recombination of C/H/O atoms.

Reaction A [cm3/mol s] n Ea[cal/mol] Reference
CO <=>C+0 1.7E+21 -15 113592 Hanson %
CH+CH<=>C;H, 1.20E+14 0 0 Braun et al. 3
CH+M<=>C+H+M 1.90E+14 0 66969 Dean and Hanson 7
C+Hp<=>CH> 1.24E+13 0 113 Harding et al. %
CotM<=>C+C+M 1.50E+16 0 142284
Co+C<=>C+C3 3.20E+14 0 0
Kruse and Roth %
Co+C3<=>C+C4 3.20E+14 0 0
CotCy<=>C+Cs 3.20E+14 0 0
C+CHy<=>CH+CH 1.62E+12 0 46898 Mayer et al. *°
CO+M<=>C+0O+M 4.29E+27 -3.10 256350 Mick et al. 4
CO+C +M<=>C,0+M 2.29E+16 0 0 Husain and Kirsch 42
CO,+C <=> CO+CO 6.02E+09 0 0 Husain and Young *

In order to calculate chemical evolution along the length and central axial regions of the plasma
flow reactor, three dimensional computational fluid dynamics (CFD) simulations of the flow-field
and temperature were performed using Starccem®® as described in our recent studies 1732,
Temperature as a function of residence time was obtained from the CFD simulations using the
temperature history of a parcel of gas injected into the plasma torch. The extracted information
(temperature vs residence time at atmospheric pressure) was imposed as a boundary condition for
chemical kinetics calculations performed using Chemkin-Pro?°.

In this study, we also show equilibrium model predictions, because the residence time of the
gas through our flow reactor is very long (At >10 ms) at very high temperatures (T > 2250 K).
Other experimental setups used to study kinetics of chemical reactions at high temperatures (e.g.
shock tubes) have only a few milliseconds of test times®. In addition, our experiments are



performed at atmospheric pressures. The high collision rate between various species (neutrals,
ionized, electrons) at atmospheric pressures enables rapid thermalization of the system. Therefore,
the long residence time at elevated temperatures and atmospheric pressures might be adequate to
achieve chemical equilibrium products, since the kinetics of reactions non-linearly increase with
temperature. As a result, equilibrium model calculations were also performed in the current study
based on the minimization of the Gibbs free energy approach.

Thermodynamic properties (e.g. enthalpy, entropy) were taken from the Burcat
thermochemistry database %' and used in chemical equilibrium and kinetic simulations. The
chemical equilibrium and kinetic model predictions are compared to the experimental
measurements in the results and discussion section.

4. RESULTS AND DISCUSSION

Measured temperatures and CFD model predictions are plotted in Figure 5. Temperature at the
16 cm location was measured using a Type-K thermocouple (Omega Industries) in the center of
the flow field. At high temperatures (e.g. T > 1000 K), radiation heat loss from the thermocouple
bead becomes significant, resulting in a substantial difference between the thermocouple recording
and actual gas temperature. Therefore, these heat losses were accounted for using the Stefan-
Boltzmann law to determine gas temperatures based on the thermocouple readings. For the highest
thermocouple reading reported, the calculated gas temperature (e.g. Tgas ~ 1000 K) was, at most,
12.5% above the measured value (€.9. Tthermocouple ~ 875 K).

Residence Time [ms]

0 50 100 150 200 250 300
e s e e
6000 - CFD Model
Temperature determined B Measurement
<z from C, emission spectra
£ 4000}
® Thermocouple measurements
g
£
[
= 2000

1 1 1
0 5 10 15 20 25 30 35 40
Distance from the RF coil [cm]

Figure 5. Comparison of measured and calculated temperature distributions as a function of distance away
from the RF coil along the flow reactor.

The gas temperature at 4 cm was determined using C, emission measurements. We used other analytes
(e.g. AlO, Fe) in our previous works!"#, determined the temperature values between the 4 and 16 cm

locations, and showed that the CFD model predictions were in good agreement with the experimental
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results. Since the plasma flow reactor is a steady state system, residence time of the species is dependent
on the axial position, which in turn is dependent on flow velocity. As a result, the CFD model was also used
to infer time dependent temperature (plotted in the top x-axis of Figure 5). The cooling time scales were on
the order of milliseconds (e.g. At =4 ms for Ax =4 cm and At = 100 ms for Ax = 25 cm). This temperature
profile was used to constrain the chemical kinetics and equilibrium simulations described below. Note that
a previously proposed laser inertial fusion engine specifies ~100 ms heating and cooling cycles®!!,
Therefore, the time scales of our plasma flow reactor experiments are relevant to characterize fusion engine

carbon/oxygen chemistry and chemical kinetics.

4.1 Results (without oxygen)

The importance of rapid cooling on the formation of acetylene vs. carbon containing products including
carbon monoxide was evaluated using chemical equilibrium and kinetics simulations. The first set of
models were run for a system of carbon and hydrogen atoms without oxygen. The simulation results shown
in Figures 6 (&) and (b) were obtained for an initial CoH2 gas input concentration of 270 ppm. The acetylene
is completely atomized in the plasma and the concentrations of C and H decrease as the temperature drops
along the flow reactor and new compounds are formed. Equilibrium calculations predict a peak
concentration of acetylene of approximately 180 ppm from recombination reactions, followed by rapid
decomposition to form aromatic species with one (e.g. CsHs) or two rings (CioHs), as shown in Figure 6
(b). Note that naphthalene (C1oHs) was the heaviest hydrocarbon species included in the models. In contrast
to the equilibrium calculations, kinetic calculations predict that C,H, concentration will reach a steady state
without any decomposition after recombination occurs. Also, according to the kinetic model predictions,
there is a slight delay in the early recombination of carbon and hydrogen atoms. The steady state

concentration of acetylene corresponds to 33% of its initial concentration.

The equilibrium calculations predict that molecular hydrogen recombines with aromatic species to form
methane, the most stable hydrocarbon species at low temperatures. The other major products of the system
such as polyynes with alternating single/triple bonds (e.g. C.H» and Ce¢H.) are included in the figures for
comparison. In summary, the C,H, concentration calculated by the equilibrium model would be negligible
at the end of the reaction sequence and the formation of polyaromatic species and methane would be
favored. However, the kinetics model predictions deviate from the equilibrium calculations, suggesting a

finite rate approach is needed to model the chemical evolution of this fast cooling system.
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Figure 6. Comparison of concentration predictions obtained from the equilibrium and chemical kinetics models
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is given for the kinetic model predictions.

Experimental measurements of the recombined acetylene concentration were performed at two
positions (16 and 116 cm) along the flow reactor axis, where corresponding temperatures were
950 K and 320 K, respectively. The measurements were repeated for different initial
concentrations of C2H> and the results are shown in Figure 7. The kinetics model predictions are
also included in the figure, showing excellent agreement with the experimental results. Note that
33% of the input C2H> recombines downstream of the reactor and the recombined amount does

not change below 950 K (16 cm along the flow axis) as predicted by the kinetics model.
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Figure 7. Amount of recombined acetylene downstream of the RF generator as a function of input
concentration of acetylene.

Based on the Beer lambert law (Eq. 1), the uncertainty of the mole fraction measurement is
dependent on the errors in the measurements of absorbance, absorption cross-section, temperature,
pressure, and path length. The overall uncertainties in CoH> mole fraction was calculated
previously!’ and determined as +7%. However, larger error bars are plotted in Figure 7 for the 16
cm position measurements. The reason is that we observed variations in the measured temperatures
at 16 cm, when the thermocouple was moved from the center of the flow field (T ~ 1000 K) to the
walls (T ~ 900 K). As a result, the absorption cross sections were calculated at 900 K and 1000 K
to predict the uncertainty in the mole fraction measurements calculated using the line of sight
(through the entire flow tube cross section) absorbance measurement at 16 cm. The resulting

uncertainty in the mole fraction was estimated as £20 %.
4.2 Results (with oxygen)

Equilibrium and kinetic model predictions are shown in Figures 8 (a) and (b) for a system
containing carbon, hydrogen, and oxygen atoms. The input concentrations of CoH> and O are 270
and 135 ppm, respectively. The addition of oxygen atoms to the system results in the formation of
carbon-monoxide. Based on the equilibrium calculations, CO is expected to form at temperatures
higher than 4500 K (Figure 8 (a)), while the kinetic model suggests the CO concentration gradually

increases until 10 cm past the RF coil (At ~ 10 ms) where T ~ 2000 K. This behavior is consistent
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with the multistep formation of CO. While H radicals recombine to form Hz, C atoms react with
H> and form H and CH. Oxygen reacts with H and forms the OH radical. The OH radical is then
responsible for the oxidation of C to CO and the regeneration of a H radical. This complex
mechanism also explains why the H concentration sharply decreases only after all the carbon atoms

are consumed and this cycle is interrupted.
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Figure 8. Comparison of concentration predictions obtained from the equilibrium and chemical kinetics models
for (@) C, H, O, CO, CO2, and CzHz; (b) Hz, CHa, polyynes (CsH2+CsH:), and aromatics (CioHs+CsHs). The
residence time is given for the kinetic model predictions. Note that the atomic oxygen concentration obtained
from the equilibrium model is very small even at high temperatures (i.e. upstream of the flow reactor), because
CO is the thermodynamically favored species under those conditions.

The variation in acetylene concentration in Figure 8 (a) is similar to that in Figure 6 (a). That

is, CoH> formation is delayed compared to the equilibrium predictions, but reaches a steady state
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at temperatures below ~1500 K (x >14 cm). The amount of C2H> recovered downstream of the
reactor is 24% of the initial CoH. concentration. Another remarkable difference between the
equilibrium and kinetic model predictions is the lack of further CO oxidation to CO> in the kinetic
calculations. Both models also predict a decrease in the aromatic and polyyne concentrations when
compared to the results shown in Figure 6 (b) due to the presence of oxygen.

Experimental measurements of the recombined acetylene concentration were also performed
when both C>H> and O were injected into the argon plasma. The measurements were takenat T =
320 K (x = 116 cm) and are plotted as a function of oxygen concentration for an initial CoH>
concentration of 270 ppm. The results are shown in Figure 9. The predictions of the kinetics model
show good agreement with the measurement results. The measured concentration of recombined
C2H2 was 14 ppm when a stochiometric quantity of oxygen was input to the reactor (i.e. Xc2n2/Xo2
=1). Further increase in the oxygen concentration prevented the recombination of C.H> molecules.
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Figure 9. Amount of recombined acetylene, C2Hz as a function of oxygen concentration. The measurement

results are compared to the kinetics model predictions. Top and bottom x-axes are given as a function of
stoichiometry (Xo2/Xc2n2) and input oxygen amount, respectively.

The area underneath the broadband molecular C, emission shown in Figure 3 was integrated
between 440 and 580 nm and plotted in Figure 10 as a function of oxygen concentration. The
normalized C> emission intensity decreased sharply with increasing oxygen due to the formation

of CO, as predicted by the kinetics model. Since the amount of carbon in proposed laser-based

15



fusion engines is expected to be low®, the emission measurements were performed for two
different input concentrations of acetylene: 270 ppm and 38 ppm. The O2/C2H. concentration ratio
required to fully consume the diatomic carbon was the same for both experiments (Figure 10).
Therefore, it can be inferred that the reaction kinetics remained the same for lower initial
concentrations of the analyte. Also, note that the normalized C, emission intensity shown in Figure
10 shows a trend very similar to that in Figure 9 for C.H> molecules. Therefore, there is a clear
correlation between the diatomic carbon emission measurement results taken upstream of the
reactor (x = 4cm) and the acetylene infrared absorption spectra results recorded downstream of the

reactor (x =116 cm).
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Figure 10. Variation of normalized emission intensity as a function of stoichiometry, Xo2/Xczn2. The results
are shown for two different input concentrations of acetylene: 270 and 38 ppm.

4.3 Reaction Sensitivity and Rate of Production Analyses

In our kinetic model we included several hundred reactions to accurately describe the high
temperature chemical evolution from atomic species to the acetylene molecule and then to larger
hydrocarbons (e.g. CsHs, C10Hsg) at cooler temperatures downstream of the flow reactor. However,
only a small number of reactions contribute to the acetylene production/consumption. A sensitivity
and a rate of production analyses are required to identify those most important chemical pathways
controlling the acetylene yield in our experiments.
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The sensitivity analysis enables quantitative understanding of how the acetylene

concentration ( xc,,) depends on the reaction rates (ki) employed in the kinetic model. The
analysis requires calculating the sensitivity coefficients (S) using the following formula

chsz (t)
dk.

ki ©)
Xc,H, (t)

S(Zcsz’kwt) =

The temperature distribution shown in Figure 5 was input to CHEMKIN PRO #° to
calculate the sensitivity coefficients for input carbon and hydrogen concentrations of 540 ppm and
oxygen concentration of 270 ppm, respectively. The acetylene amount was determined to be most
sensitive to the reactions shown in Figure 11. The results are given as a function of temperature
(bottom x-axis) and residence time (top x -axis) along the flow reactor. Acetylene concentration is
most sensitive to the dissociative/recombination reactions involving radical species such as C, H,
CH, and CH2 (Rxn#l to Rxn #8). Those reactions have positive sensitivity coefficients,
contributing to the production of C2H> molecules. The other two reactions (Rxn#9 and Rxn #10)
involve OH, O, and HCCO radicals and have negative sensitivity coefficients, favoring the

consumption of C2H2 molecules.
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Figure 11. Reaction sensitivity analysis for the rate-determining steps that affect C:H2 formation. The
sensitivity coefficients defined in Eq. (3) were obtained from Chemkin“® simulations using input carbon and
hydrogen concentrations of 540 ppm and oxygen concentration of 270 ppm, respectively.
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Fig. 11 shows that the acetylene concentration is most sensitive to the reaction rates when
the gas temperature drops to 2250 K at t = 9.9 ms. That time corresponds to the steepest rise in
C2H: production according to the results displayed in Fig. 8 (a). Therefore, the acetylene rate of
production analysis was performed at 2250 K to determine the major pathways that account for
the acetylene production/consumption. The results are displayed in Fig. 12. The absolute rate
values (mole/cm?s) are given along the x-axis of the figure together with their corresponding
percentages written next to each reaction. The ten reactions given in the figure sum up to 97% of
the acetylene net production. There are two reactions common to the results of the sensitivity and
rate of production analyses. Those are Rxn #2 and Rxn #10. The reactions between acetylene and
atomic oxygen (i.e. Rxn #10 and 11) have negative rate values and are the main consumption
channels, whereas the radical recombination reactions (i.e. Rxn #2, 17, and 18) account for most
of the acetylene production.

Rxn#10: C2H2+0<=>HCCO+H  -80%
Rxn#11: C2H2+0<=>CH2+CO
Rxn#12: CH+C2H2<=>C3H2+H
Rxn#13: C2H+C2H2<=>C4H2+H
Rxn#14: C2H3(+M)<=>H+C2H2(+M)
Rxn#15: C3H2+0<=>C2H2+CO
Rxn#16: C+CH3<=>C2H2+H
Rxn#2: 2CH<=>C2H2
Rxn#17: C2H+H+M<=>C2H2+M
Rxn#18: H2+C2H<=>C2H2+H

114%

T
006 000 006 0412
3 x10%]

I
-0.12
CoHo Rate of Production [ mole/cm

Figure 12. Dominant reactions that produce/consume C2Hz molecule. The absolute rate values are given along
the x-axis for each reaction in addition to their corresponding percentages. The ten reactions given in the figure
add up to 97% of the acetylene net production.

The results of the sensitivity and rate of production analyses indicate that there are only a
few reactions in the kinetic model (e.g. Rxn # 1, 2, 10, 17, and 18) that control the rate and amount
of acetylene formation. Therefore, the error in acetylene concentration prediction highly depend
on the uncertainty of those reaction rates. Those rates were studied extensively®6:3752-54 and most

of them were measured experimentally (e.g. +25% uncertainty®’). In this study, the accuracy of
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the current model predictions is validated by the experimental C2H2 concentration measurements.
The uncertainty of the model predictions could be further improved in future studies by

comparison of the predictions to measurements of the other major products (e.g. CO).
5. CONCLUSION

In this study, a recently developed plasma flow reactor was used to perform experiments at
relatively fast cooling time scales similar to the outer regions of an ignition chamber of fusion
energy devices!®. The idea of using oxygen together with carbon to prevent activated carbon
deposition on the fusion reactor chamber walls was tested by injecting acetylene gas into the argon
plasma, decomposing it into its constituent elements, and investigating the recombination
chemistry during the rapid cooling of the carbon/hydrogen system in high/low oxygen
environments. Since acetylene is the key hydrocarbon precursor to soot formation, we monitor
acetylene formation as a function of location (i.e. temperature) in our plasma flow reactor to
investigate the proposed method of preventing carbon dust formation in ICF environments'® via
oxygen addition to the input stream of gasses.

The early chemical evolution from atomic to diatomic carbon was monitored upstream of the
reactor (x =4 cm at t = 4 ms) by means of UV/VIS emission spectroscopy at high temperatures (T
~ 3500 K). Infrared absorption spectroscopy at lower temperatures (T~ 1000 K) was used to
measure the concentration of the soot precursor (i.e. acetylene) downstream of the flow reactor (x
=16 at t = 30 ms). A detailed kinetic model, constrained by experimental results, was assembled
to investigate the competing reactions, rate limiting steps, and the associated time scales for the
formation of C/H products including aromatics, polyynes, and acetylene as well as the formation
of carbon-monoxide in oxidizing environments.

In both experiments and kinetics modelling, we find that, after complete decomposition, 33%
of C2H> gas input to the argon plasma recombines downstream of the reactor within 20 ms, when
there is no oxygen in the system. The addition of oxygen in 1:1 proportion to carbon strongly
favors the formation of CO in 10 milliseconds and prevents the formation of diatomic carbon and
C2H2 molecules upstream and downstream of the reactor, respectively. The kinetic model also
enabled the identification of the most important pathways controlling the acetylene yield through
reaction sensitivity and rate of production analyses.

The carbonaceous particle formation in fusion energy reactors is a complex process that

involves multiple sequences of chemical reactions which can show variations depending on the
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plasma conditions (e.g. pressure, temperature, feed gas). As a result, there is not a single
comprehensive kinetic model in the literature that can predict the amount and rate of carbon dust
formation in fusion energy reactors. Given the significance of acetylene as a precursor to
carbonaceous particle formation and the paucity of studies in the nuclear fusion literature to
understand the chemical pathways resulting in soot formation from gaseous hydrocarbons, the
current study is a significant contribution to investigating the chemical-based mitigation strategies

for eliminating the formation of detrimental carbon dust in fusion energy reactors.
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