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Executive Summary

This research project has explored the physics of pre-ionization controlled laser induced plasmas
in air. The pre-ionization plasma approach is based on the synergistic effect of combining
multiple laser pulses where the first pulse provides pre-ionization (not full breakdown) thereby
promoting controlled absorption and plasma formation in the presence of the second pulse. We
have generally used ultraviolet (UV) pulses for preionization, owing to stronger multiphoton
ionization (MPI), and near-infrared (NIR) pulses for energy addition. The expanded window of
conditions (size, temperature, active species etc.) achievable with the pre-ionization plasmas
makes them potentially attractive for multiple Air Force applications including providing new
sources for ignition of propulsion devices, for atmospheric waveguides, and for novel
diagnostics. We have followed a combined experimental and modeling approach to investigate
the basic laser-induced plasma formation mechanisms, including detailed characterization of
plasma properties and species, as well as studies of ignition and combustion of air-fuel mixtures
with the pre-ionization laser plasmas. Experimental measurements have included Rayleigh and
Thomson scattering to determine gas temperature and electron density, optical emission
spectroscopy and chemiluminescence, Schlieren imaging, as well as combustion studies in a
fixed volume chamber (heat release from pressure rise). These measurements have been used to
support the development and validation of a two-dimensional axisymmetric numeric model of
the laser plasma system including a novel optical-solver (for beam-steering) based on the plasma
chemistry. Some main results from the research include findings related to: the reduction in
breakdown threshold due to pre-ionization, the origin of vorticity and lobe generation due to
plasma-induced gas dynamics and their impact on ignition, the possibility of efficient pre-
ionization via resonance-enhanced MPI (REMPI) of oxygen, the potential to ignite leaner
mixtures (in stationary, atmospheric-pressure air), and a database of ignition characteristics of
fuel-air mixtures including hydrogen-air. Emerging directions from the research include the
needs to further examine plasma-induced optical beam steering effects, possible non-equilibrium
effects, and formation and properties of pre-ionization laser plasmas in moving gases and multi-
phase flows.
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Dual-pulse laser ignition model
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lAerospace Engineering Texas A&M University, College Station, Texas 77843, USA
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A two-dimensional mathematical model of dual-pulse laser ignition that self-consistently integrates
Navier-Stokes, translational and vibrational energy, and neutral and charged species equations has
been presented. The results showed that the ignition kernel dynamics depends on the shape and initial
energy distribution in the energy spot created by the first ultraviolet laser pulse. The results also suggest
that the ignition delay time and the flame kernel development depend on the laser intensity, vibrational-
nonequilibrium, and initial electron number density. For the high initial degree of ionization, we have
obtained ignition of the lean methane—air mixture with the equivalence ratio of 0.6. Vibrational-
nonequilibrium taken into account by the Landau-Teller model leads to the slower ignition kernel
growth and the significant increase in the ignition delay time. For the case modeled, a change in the
overlap of the second laser with the focal point of the first laser pulse leads to the early split up of the
kernel and the flame extinguishment. Published by AIP Publishing. https://doi.org/10.1063/1.5043295
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. INTRODUCTION

Laser ignition presents many potential benefits over the
conventional spark ignition system such as the decrease in the
lean limit, absence of electrodes, and ability to locate the igni-
tion kernel in any point inside the combustion chamber.'~
The main physical mechanisms of laser ignition were dis-
cussed by Ronney.! A recent comprehensive review of laser
ignition systems in aerospace applications was performed by
O’Briant et al.? The authors showed that an appropriate choice
of the laser wavelength and repetition rate can result in a higher
temperature, greater probability of the free radical formation,
and subsequently greater ignition probability, especially for
leaner mixtures. A review by Tropina et al.* summarized
the main ignition concepts at high pressure conditions rele-
vant to internal combustion engines. Dual pulse laser ignition
can significantly enhance the capabilities of single pulse laser
ignition. We present here a comprehensive 2D model that
self-consistently integrates Navier-Stokes, energy, and species
equations to understand the role of chemistry versus hydro-
dynamics for dual-pulse laser ignition and flame propagation
enhancement.

According to Ronney,' the physical mechanisms of laser
ignition include thermal ionization, photochemical dissocia-
tion of fuel molecules, non-resonant and resonant breakdown
by multi-photon, and avalanche ionization. In the case of the
thermal initiation, a laser discharge is used to heat a mixture
or to excite vibrational and rotational degrees of freedom of
molecules leading to subsequent heating. In the case of the
non-resonant or resonant breakdown ignition, the focused laser
beam causes the electrical breakdown of the gas similar to a
thermal spark but with different breakdown mechanisms such
as a multiphoton, tunnel, and avalanche ionization. Multipho-
ton and tunnel ionization were first described by Keldysh,
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who identified two limiting regimes, depending on the value

of the Keldysh parameter y = %@, where w;, is the
oscillation frequency of the electric field, /; is the ionization
potential, e is the electric charge, E is the electric field ampli-
tude, and m is the mass of the electron. At y < 1, when
the field oscillation frequency is much less than the elec-
tron period of motion, breakdown is in the tunneling limit.
Aty > 1, when the field oscillation frequency is much higher
than the electron period, breakdown is in the multiphoton ion-
ization limit. Laser driven avalanche ionization depends on the
electron-neutral collision frequency. The laser passes into the
plasma, and the free electrons oscillate in the electric field of
the laser. If there are no collisions, no energy is transferred,
but with collisions, the oscillation phase of the electrons and
the directions of their motion are changed, and if the laser
intensity is high, the electrons can gain enough energy from
the laser to ionize the neutral species. The avalanche ioniza-
tion process leads to significant local heating and can ignite
combustible gas mixtures. Laser breakdown mechanisms in
different media are extensively studied in optics related to
the development of high-sensitivity laser-induced breakdown
spectroscopy (LIBS),® showing that high pressure conditions
and presence of small particles reduce the laser breakdown
threshold.”

The fluid dynamics phenomenon associated with the laser
induced breakdown has been numerically investigated by
Steiner et al.,® Jiang et al.,’ and Ghosh and Mahesh.!” It
was shown that the strong pressure gradient after the laser
breakdown produces a strong blast wave and the core of the
plasma rolls up in time and forms a toroidal vortex region.
The multiscale-multiphysics process comprises particle-wave
interaction, chemical reaction, and fluid dynamics effect with
time scales ranging from nanoseconds (plasma formation and
decay) to microseconds (fluid dynamics).'”

A main disadvantage of laser ignition is connected with
the fact that a blast wave is likely to follow the optical

Published by AIP Publishing.
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breakdown and a significant amount of energy (around 90%)
is consumed by the propagation wave.'"!? It was also demon-
strated that ignition near the lean limit is more difficult due
to the high rate of the flame stretch, a phenomenon that is
aggravated at low pressures.!3 Dual-pulse laser ignition has
been recently proposed as an efficient alternative to single laser
pulse ignition.'” Decoupling of the initial ionization (without
breakdown) from the subsequent energy deposition and heat-
ing using a dual-pulse laser technique allows tailoring the laser
plasma parameters such as electron temperature, electron num-
ber density, and a size of the initial ignition kernel. For laser
pulses with durations shorter than the avalanche buildup time,
such as femtosecond and picosecond laser driven ionization,
multiphoton ionization and tunnel ionization are the dominant
mechanisms, which help generate well-controlled patterns of
ionization. These patterns may be used to localize other energy
addition processes for distributed ignition by the second laser
pulse or by coupling of microwave energy.'*

As the strength and the speed of the shock wave depend on
the consumed energy, two successive laser pulses with a time
interval between them reduce the energy loss by the propagat-
ing shock wave compared with a single pulse with the same
total incident energy. Although a number of studies have been
performed for single laser pulse ignition, the research stud-
ies of dual-pulse laser breakdown and ignition are relatively
new. Matsuda et al."> performed experimental studies of dual-
pulse laser induced breakdown in quiescent air and indicated
that properties of plasmas induced by two successive laser
pulses were independent of one another at the repetition fre-
quency of less than 200 Hz. Based on the measurements of
the laser energy absorption and flow field, Wermer et al.'® rec-
ommended a pulse interval in the range of 250 ns—15 us for
efficient ignition. They have observed the lower energy losses
on the shock wave propagation compared with the case of sin-
gle pulse ignition. Bak er al.'” studied dual-pulse laser induced
breakdown in low-speed premixed ethane-air mixtures, and
they found that the pulse interval for achieving the laser
breakdown was longer than that for the quiescent air. Nakaya
et al.'® experimentally studied the flame kernel behavior for
the case of dual-pulse laser—spark ignition in the lean methane-
air mixture, using a combination of two laser breakdowns. It
was shown that for the same discharge energy, dual-pulse laser
spark ignition generates a stronger flame kernel compared with
the single laser spark.

Dumitrache ef al.'® proposed an alternative approach for
dual-pulse laser ignition using a combination of the ultraviolet
and infrared laser pulses. A first ultraviolet pulse of 266 nm
creates a preliminary ionization region through avalanche and
multiphoton ionization, and the second near-infrared (NIR)
laser pulse of 1024 nm heats the mixture. Their results indi-
cate that such a technique leads to the reduction in the lean
limit and to the increase in combustion efficiency. Moreover,
the energy required for successful ignition was found to be
lower (E = 60 mJ) compared to single laser pulse ignition
(E =75 mJ).'® Tropina et al.’® studied chemical pathways for
dual-pulse laser ignition in the frame of the three-temperature
plasma model and 1D approach, taking into account plasma
and combustion chemistry. The critical initial concentration of
electrons required for successful ignition by dual-pulse laser
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and the role of photodissociation of fuel molecules as a way
to influence the ignition probability have been emphasized.
Dumitrache and Yalin?! investigated the role of hydrodynam-
ics induced by a dual-pulse laser plasma in nitrogen and have
shown that the kernel dynamics and the lobe formation depend
on overlapping of focal points.

Il. NUMERICAL MODEL
A. Formulation of the problem

We consider dual-pulse laser ignition in a quiescent
methane-air mixture. Dynamics of the first ultra-violet pulse
was not modelled but was taken into account by select-
ing appropriate initial conditions, as in Ref. 20, which were
based on the experimental data of dual-laser pulse ignition by
10 ns 266 nm and 1064 nm pulses.'® A significant fraction
of the laser energy at those conditions is transferred into the
vibrational degrees of freedom.?> Because of the very fast
vibrational-translational (VT) relaxation of oxygen, the vibra-
tional energy is mainly stored in nitrogen molecules. At the
same time, the energy transfer rate between electrons and
vibrationally excited molecules is very high (around several
ns2%). Therefore, we assumed that the electron temperature was
constant and its spatio-temporal evolution was not included in
the model.

The mathematical model of dual-pulse laser ignition can
be written as follows:

ap

o V(o0 =0, 1
?+V'(pﬁ/)=—Vp+V-?, )
dph)y 0  _ dpK) 0  _
Y + 6_x,~(pVh) + Y + 6_x,~(pVK)
d L
=d—l;+V~(T-17)+Q+ﬂQ,~+QVT, 3)
% + V- [p(0 +V)Yk] = wx, 4)
on; _

a—t’ +V- T = 2 Ri+Rup + Ropi = (T, Te),  (5)

oE) o0, _ 0 0 .
_ EV - D _EV = 1_ o s 6
o o BV 5 Prg B =(1-B)0; = Qvr, (©)
N[ Vi .
p= pRuTkZ; (ka), Ij = (_l)jilﬂj njE—Djan+nj1_), @)
an av; 20wy
T’"’“‘(%*a?,-ﬁa—xk ) ®)

T
h=> Yk{hk,o(T,-eﬂ + / cpmdr}, ©)

Tref
el (Vi + ve) : E,—E]
Qs = > 50 Qvr =hy,Ily + )
gocme(wy + (Vi +ve)7) Tvr
(10)

where p is the density, p is the pressure, 7;; is the viscous stress
tensor, | is the dynamic viscosity, 4 is the mixture enthalpy,
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Y, My are the mass fraction and molecular weight of the
k-species, R, is the universal gas constant, and C;, is the specific
heat of the mixture at constant pressure.

In the equations for the mixture enthalpy (3) and vibra-
tional energy E,, Q is the reaction heat, Qj is the joule heating
term, Qyr is the vibrational-translational energy exchange
term, T'ref is the standard temperature, and K is the kinetic
energy.

In the equations for mass fractions of neutral gas species
(5), vl’( is the diffusion velocity and wy is the chemical source
term, which includes a k-species production and consumption
rate in 325 reactions of the GRI-3.0 mechanism?>? and the low
temperature oxidation mechanism of methane.”’ Additional
plasmareactions included in the model are presented in Table I.
The gas phase species are assumed to follow the ideal gas law.
The standard molar specific heat and the standard-state values
of the molar enthalpy Hy o at constant pressure for k species
have been given as functions of the temperature according to
NASA polynomials. We use the Sutherland formula for the
mixture viscosity dependence on temperature.

The model includes Eq. (5) for electron and positive ions
(O;), where y; and D; are the mobility and diffusion coeffi-
cients of positive ions (j = 1) and electrons (j = 2). The source
term in Eq. (5) includes the ionization rate by the avalanche
ionization R, as well as the ionization rate by the multiphoton
ionization, R, calculated as in Ref. 20. In the joule heating
term Qj [Eqg. (10)], ne and m, are the electron number den-
sity and mass, I, is the laser beam intensity, e is the electron
charge, ¢ is the vacuum permittivity, and v,,, v, are the trans-
port frequencies of elastic (electron-neutrals) and Coulomb
electron-ion collisions defined as functions of the electron
temperature. The absorbed laser energy goes to heating and
vibrational excitation depending on the parameter f3, reflecting
the part of the laser energy, which deposits in the translational
degrees of freedom. The value of the parameter [3 was cho-
sen according to the data of the electromagnetic field energy
transferred to the different degrees of freedom and its depen-
dence on the electron energy.’* At the electron temperature
(Te = 1 eV), most of the energy goes to the vibrational excita-
tion of nitrogen molecules and parameter § = 0.3 and 1 were
taken as the baseline condition. We also considered the case
of f =1 and p = 0.8, when the laser energy mainly goes to gas
heating, which corresponds to the laser spark case.

Equations (3) and (6) also contain a term Qyt which
includes vibrational-translational (VT) relaxation in the
Landau-Teller form, describing VT relaxation from the low
vibrational levels with the vibrational-relaxation time Tyr
and an additional term responsible for the VT relaxation
from the higher vibrational levels and the anharmonicity
effects.”

TABLE L. The set of additional reactions.>

Reaction ko (¢ D) n E,
1 e+0; > 2e+0} Reference 22 0 0
2 e+0; - 0+0 0.599 x 10™* 1.0 0
3 0} +0s+e— 0,+0, 0.346 x 107> 0.5 0
4 O3 +Ny+e > 0 +N; 0.312 x 10722 15 0
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FIG. 1. Schematic diagram of the computational domain for dual-pulse laser
ignition.

The schematic of the problem geometry and boundary
conditions is presented in Fig. 1. In the far-field region, we
assumed zero normal gradient for all variables, except static
pressure, which equals to atmospheric pressure. The electron
temperature was equal to 7, = 1 eV. Initial vibrational and gas

x10%

——Model
----Logos [27,28]| |
—Exact [27]

——Model
250 |- - - ‘Logos [27,28]
——Exact [27]

FIG. 2. Comparison of pressure and velocity distribution with the analytical?’
and numerical solutions (LOGOS code?3) for the one-dimensional Riemann
problem: (a) pressure vs distance after 1 ms and (b) velocity vs distance after
1 ms.
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TABLE II. Precision tests.

Phys. Fluids 30, 106104 (2018)

Allowable error,  Grid resolution  Time step Number of Allowable number  Reliability,
Smax (%) (um) size (us)  time steps Serr of time steps Rs = npax/n
0.01 15x15x 1 0.01 20000 54x10 1 3.4x1012 1.7 x 1098
0.01 15x15x 1 0.1 2000 5.4x10 11 3.4x1012 1.7 % 10%°
0.01 100 x 100 x 1 0.01 20000 5.4x10 08 3.9%x 1097 1.9%x 1093
0.01 100 x 100 x 1 0.1 2000 5.4%10 08 3.9x 1097 1.9x 10%

temperatures were equal to 7 = 500 °K. Initial conditions for
electrons and positive ions have a form

x2 2 $2 2

o= (0 exP(‘T = 2} = O expl - - 5 |
xch ch xch ch

(11)

where n.(0), nog(O) are the initial concentrations of elec-
trons and oxygen ions on the axis of the plasma channel and
Xch = 100 pym and yc, = 500 pum are the sizes of the initial
ionization region created by the UV pulse. Initial concentra-
tions of electrons on the axis after the UV pulse n,(0) have
been varied and initial concentrations of ions are assumed to
be inversely proportional to their ionization potential.

lll. MODEL DEVELOPMENT

The system of Egs. (1)—(6) was solved using a custom

We use the finite volume method and the PISO (Pressure
Implicit Splitting of Operators) algorithm, which includes one
predictor and two corrector steps to find the velocity and
pressure field. For time discretization, a second order back-
ward Euler scheme was chosen. A second order unbounded
scheme that limits toward the upwind scheme in the regions
with strong gradients was the main scheme for the advection
terms. A second order central difference scheme was used for
diffusion terms and mass fluxes. The model includes a Strang
splitting algorithm for chemistry terms and a bi-conjugate gra-
dient method. A variable time step was adjusted dynamically
to limit the maximum convective Courant-Friedrichs-Lewy
(CFL) number to 0.5. The model implements a quadrilateral
mesh.

The time range of the ignition problem is below the range
of flow instabilities; therefore, the turbulence effects were not
considered in this study. The flow dynamics was verified com-

made solver on the basis of (Open FOAM) C++ libraries.?¢ paring the simulation results with the analytical and numerical
5
7 X 10 . 10000
—125 pum —125 pm
—95 um —95 um
65 8000 65 um
6000
<
l_
4000
2000
1 - 0
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
x (mm) X (mm)
(a) (b)
600 ;
—125 um
500 —95 um
400 ——65um
® 300
E
S 200¢
100
0
-100 : : ‘
0 0.01 0.02 0.03 0.04
x (mm)
(c)

FIG. 3. Test results on the mesh size dependence. Pressure (a), temperature (b), and velocity (c) distribution along the axial direction at t =9 us.
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FIG. 4. Effect of the initial temperature on the ignition delay time.

solutions of the one-dimensional Riemann problem. The shock
capturing capability of the method is based on the Kurganov-
Tadmor scheme. We checked the evolution of the discontinuity
in the initial conditions using the same approach as in Refs.
27 and 28. The pressure distribution and velocity distribution
after 1 ms are presented in Fig. 2 and showed a good agree-
ment with the analytical and numerical solutions. Thus, we

Phys. Fluids 30, 106104 (2018)

concluded that the current model is capable of predicting sharp
pressure gradients, which can appear in the ignition problem
solution.

Additional testing of the model was based on the stochas-
tic error evaluation as was discussed in detail by Smirnov
et al.”’’ The total error was described by the summation of
relative errors in each direction, and assuming that a maxi-
mum allowable error Spax & 0.01% for our simulation, the
maximum allowable number of time steps npy,x Was evaluated
as in Ref. 27. Table II shows the results of the error estima-
tion and a significantly low accumulation of the error in our
simulation.

IV. RESULTS AND DISCUSSION

For the first step, we considered the ignition of a methane-
air mixture by a single laser pulse. We assumed thermal equi-
librium after the laser energy deposition and treated it as an
initial condition of the problem, modeled by an energy source
at the center of a domain that is 5 cm X 5 cm in size (Fig. 1).
The energy source is described by a Gaussian function and
has an elliptical shape with a peak temperature and pressure
of 6000 K and 5 atm, respectively. To choose an appropriate
mesh size for the formulated model, calculations have been
run for different meshes. A mesh size of ~95 ym was found to

FIG. 5. Experimental®® and numerical schlieren images at different time (case 1 and 2) and the third lobe (case 3) for 1.5 mm gap size/initial kernel length: (a)
experimental results,? (b) numerical schlieren of dual pulse laser dynamics in air,2! (¢) our schlieren images for dual pulse laser ignition in the stoichiometric
methane-air mixture. Reproduced with permission from Kono et al., “Mechanism of flame kernel formation produced by short duration sparks,” Symp. Combust.

22(1), 1643-1649 (1989). Copyright 1989 Elsevier.
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provide a grid independent solution [Figs. 3(a)-3(c)] to capture
the shock wave, whereas to capture the electron dynamics, the
minimum required value of mesh size was of ~5 um to keep
the Courant number below 1.

For the validation purposes, we compared the calculated
ignition delay time (Fig. 4) for the stoichiometric methane-
air mixture with the similar experimental results from the
work of Zhang et al.”® The ignition criterion was based on
the maximum of OH concentration. We found a close agree-
ment between our model and the experimental data observed
except a discrepancy at a low temperature region model for
the estimation of longer ignition delay time which can be
attributed to the boundary effects in the 2D. The model also
prescribes well the strong pressure and temperature gradi-
ents (Tspock/Tamp = 10005 Pgpock /Pamp = 22) generated by
the source term as well as the experimental tear drop shape
temperature lobe and velocity contours observed in Ref. 10.

For dual-pulse laser ignition, a stoichiometric methane-
air mixture with the initial electron number density of
1 x 10'® m™3, the electron temperature Te = 1 eV, and a near-
infrared laser (NIR) pulse of 20 ns duration and of 20 mJ laser
energy, 3 =1 and 3 =0.3 (30% of the energy goes to joule heat-
ing) have been chosen as base case 1 and base case 2. Figure 5
shows a comparison between our synthetic schlieren results

N w
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for base case 1 (c), numerically calculated synthetic schlieren
results in air®! (b), and the experimental results® (a) for laser
spark ignition in the stoichiometric propane-air mixture. It is
seen that at the initial stage (around 25 us) the kernel dynam-
ics in the fuel-air mixture and in air is similar. Our results also
showed a hot-toroidal kernel formation, which matched well
with the experimental observation.

We have found that the kernel dynamics depends on the
shape and the initial energy deposition created by the first
ultraviolet laser pulse. For simplification, we considered the
dual-pulse laser energy deposition in air (Fig. 6) to evaluate
the effect of the initial energy spot. We observed a toroidal
shape kernel structure after 60 us for both convex and con-
cave energy spots with the uniform initial energy distribution
[Figs. 6(a) and 6(b)]. For the convex shape energy spot with a
Gaussian distribution in the X-direction, a double horn-shaped
temperature lobe [Fig. 6(c)] is formed, caused by the vortic-
ity generation in the vertical direction. For the convex shape
energy spot with a Gaussian distribution in both XY directions
[Fig. 6(d)], we observed a completely different kernel, con-
nected with the additional significant horizontal recirculation.
The secondary horizontal recirculation tends to suppress the
temperature kernel growth and shortens the kernel increment
rate. Oriented on the experimental observations of the flame
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FIG. 6. Temperature and velocity distribution after 60 us: the initial energy spot is (a) convex and uniform, (b) concave and uniform, (c) convex with Gaussian
distribution in the X-direction, (d) convex with Gaussian distribution in both X and Y directions. The size of the pixel image is 2 cm X 2 cm.
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FIG. 7. Electron number density axial profiles: base case 1.

kernel dynamics, the convex initial shape profile after the first
laser pulse was chosen as a base case and all the calculations
of ignition and flame propagation in the fuel-air mixture were
run with the same initial shape profile.

At the same time, temporal dynamics of electrons is
mainly controlled by the second NIR laser pulse. It is con-
firmed by the electron number density axial profiles presented
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in Fig. 7. We observed a sharp decrease by two orders of
magnitude for the electron number density at the first 10 ns.
Despite that, a second laser pulse of 20 mJ energy helps sustain
arelatively high electron number density to achieve ignition for
both stoichiometric and lean (® = 0.7) methane-air mixtures.
The spatio-temporal flame kernel dynamics for base cases 1
and 2 is presented in Figs. 8—11. We observed different stages
of the kernel formation as follows:

After 20 ns of energy deposition, the ignition kernel still
has the same elliptical shape which became millimeter
in size (Fig. 8). This shape is directly related to heating
caused by the shock wave propagation.

The initial kernel expands in all directions up to 20 us
when a reverse flow started to form in the top of the
kernel. As aresult, a toroidal structure of the hot kernel
is formed which has a maximum temperature of 3000 K
(Fig. 8).

The reverse flow shrinks the kernel in the vertical direc-
tion [Figs. 9(a) and 9(b)] and increases the curvature of
the torus structures. As kernel expands in the horizontal
direction, the recirculation [Fig. 9(c)] becomes larger
and separates the kernel along the horizontal direction.

FIG. 8. Spatial contours of the temper-
ature: base case 1. The size in the pixel
is (1 x 1) cm?.
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FIG. 9. Velocity vector (with respect to the temperature contour) and streamline profiles for base case 1 with respect to the temperature contour shown in Fig. 8.
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FIG. 10. Spatial contours of different species after 60 us: base case 1.

The recirculation velocity is the maximum around the
heated kernel structure that can be attributed to the
formation of the toroidal vortex region.

For base case 1, we observed ignition and the flame propaga-
tion started at 20 us, which is confirmed by the CH and OH
profiles presented in Fig. 10. For base case 1, the OH profiles
presented in Fig. 11 also follow the same spatio-temporal pat-
tern. A relatively early ignition event and the ignition delay
time depend on the initial electron number density created by
the first UV pulse and on the parameter [3 reflecting the heat-
ing part of the NIR laser pulse energy. Our baseline condition
has an electron number density of 10'® (1/m?), but ignition
was also obtained when the initial electron number density
was 10-100 times lower. However, the ignition delay time

increases significantly for those conditions as well as for the
non-equilibrium case. Table III shows the ignition time delay
as a function of the initial electron number density assum-
ing that 80% of the laser energy goes to heating, = 0.8.
The present results agree with previous experimental and cal-
culation results, showing that we need a certain minimum
electron/ion concentration from the first UV pulse to be able
to get ignition.

Figure 12 shows the spatio-temporal profiles of the flame
kernel for three different equivalence ratios (only for igni-
tion cases) for base case 2 with vibrational non-equilibrium.
It is seen for both lean and rich mixtures that OH concen-
tration is smaller than for the stoichiometric case and the
spatio-temporal kernel dynamics is slightly different com-
pared to base case 1 (Fig. 11) due to the effect of vibrational

FIG. 11. Spatial-temporal contours of the OH formation: base case 1 ( = 1). The size in the pixel is (1 X 1) cm?.
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TABLE III. Ignition time delay, 7, as a function of the initial electron number
density.

Ne0 T max after 2 us T (us)
1x10'8 3000 130
5% 107 3000 160
1 x 107 2000 240
1x 106 500

non-equilibrium. Our analysis suggests that the observed
difference in the ignition kernel dynamics is associated with
the vibrational-translational relaxation and diffusion processes
included in the vibrational energy conservation equation.

OH contour

Phys. Fluids 30, 106104 (2018)

Figure 13 shows the variation of the flame kernel structure
due to the change in the laser intensity or due to the change
of the focal point of the second pulse. We considered 100%
and 5% of the initial laser energy contributed to joule heat-
ing. As a result, after the same period of time at the 5% of
the laser energy going to joule heating, a significantly lower
temperature and a smaller kernel radius are observed. Due to
the absence of the strong recirculation caused by the sharp
temperature gradient, the kernel shape also changes. To take
into account changes in the focal points by two laser pulses,
we consider the case when the peak on the initial Gaussian
profile of the electron number density moves 100 ym in the
vertical direction. Because maximum joule heating is directly
related to the maximum electron number density, when there

135 ps

FIG. 12. Spatial-temporal contours of the OH formation: base case 2 ( = 0.3). The size in the pixel is (1 X 1) cm?.
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is an offset to the center, we observed an asymmetric kernel
formation with the smaller increment of the kernel tempera-
ture and kernel radius. In addition, the kernel expands more in
the vertical direction and splits out in the earlier time, leading
to the flame extinguishment later on. The last result showed
some discrepancy with the experimental data observed. The
explanation of that discrepancy could be connected with the
influence of additional chemical reactions, electron tempera-
ture change, and turbulence effects, which are not included in
the model.*%

V. CONCLUSIONS

Ignition kernel dynamics for a case of dual-pulse laser
ignition was studied using a 2D numerical model including
vibrational non-equilibrium. The model was validated with
the available experimental and calculation data. The analy-
sis of the spatio-temporal dynamics of temperature and OH
profiles has shown that the physical mechanism controlling
dual-pulse laser ignition is similar to the case of laser spark
ignition. Even though the main ignition mechanism is ther-
mal, the energy deposition by a first ultraviolet laser pulse
gives the option to control the kernel growth, shape, and igni-
tion delay time. The results suggest that the kernel dynamics
and ignition delay time are also affected by the laser intensity,
vibrational-translational relaxation, electron number density
after the UV pulse, and change of the laser focal point. The
last factor was found to have a negative effect on the flame
propagation and, for the case modeled, the flame extinguished
after the early split up of the ignition kernel. For the high ini-
tial degree of ionization, we have obtained ignition of the lean
methane—air mixture with the equivalence ratio of 0.6 which
offers favorable conditions for dual-pulse laser ignition. The
kernel growth and dynamics are slower for the nonequilbium
case, which leads to the significant increase in the ignition
delay time. We suggested that the ignition delay time can be
modulated by the change in the UV laser pulse intensity (in
our case by the change in the initial electron number density),
time delay between pulses and the near-infrared laser pulse

Phys. Fluids 30, 106104 (2018)

FIG. 13. Spatial contours of the temperature after 30 us:
(a) base case 1, f = 1; (b) p = 0.05; (c) base case 1,
B =1 but the maximum electron number density is with
the 100 pm offset in the vertical direction.

intensity (in our case by the change in the electron temperature
and parameter f3).25-31:32

ACKNOWLEDGMENTS

This work has been supported by internal funds of Texas
A&M University and by the DOD-AFOSR award under
Subcontract with Princeton University SUB0000242.

IP. D. Ronney, “Laser versus conventional ignition of flames,” Opt. Eng.
33(2), 510 (1994).

2H. Kopecek et al., “Laser ignition of methane-air mixtures at high pressures
and diagnostics,” J. Eng. Gas Turbines Power 127(1), 213 (2005).

38, A. O’Briant, S. B. Gupta, and S. S. Vasu, “Review: Laser ignition for
aerospace propulsion,” Propuls. Power Res. 5(1), 1-21 (2016).

4A. A. Tropina, M. N. Shneider, and R. B. Miles, “Ignition by short
duration, nonequilibrium plasma: Basic concepts and applications in
internal combustion engines,” Combust. Sci. Technol. 188(6), 831-852
(2016).

SL. V. Keldysh, “Ionization in the field of a strong electromagnetic wave,”
Sov. Phys. JETP 47, 1945-1957 (1964).

OF, Anabitarte, A. Cobo, and J. M. Lopez-Higuera, “Laser-induced break-
down spectroscopy: Fundamentals, applications, and challenges,” ISRN
Spectroscopy, 2012, 285240.

7Y. Zhang, G. Xiong, S.Li,Z. Dong, S. G. Buckley, and S. D. Tse, “Novel low-
intensity phase-selective laser-induced breakdown spectroscopy of TiO;
nanoparticle aerosols during flame synthesis,” Combust. Flame 160(3),
725-733 (2013).

8H. Steiner, W. Gretler, and T. Hirschler, “Numerical solution for spherical
laser-driven shock waves,” Shock Waves 8(3), 139-147 (1998).

97. Jiang, K. Takayama, K. P. B. Moosad, O. Onodera, and M. Sun, “Numer-
ical and experimental study of a micro-blast wave generated by pulsed-laser
beam focusing,” Shock Waves 8(6), 337-349 (1998).

105, Ghosh and K. Mahesh, “Numerical simulation of laser induced break-
down in air,” in 46th AIAA Aerospace Sciences Meeting and Exhibit (ATAA,
2008), p. 1069.

1T, X. Phuoc and F. P. White, “An optical and spectroscopic study of laser-
induced sparks to determine available ignition energy,” Proc. Combust. Inst.
29(2), 1621-1628 (2002).

12c, Dumitrache, C. M. Limbach, and A. P. Yalin, “Laser thermal ignition
using a dual-pulse approach,” in 54th AIAA Aerospace Sciences Meeting
(AIAA, 2016), p. 0460.

13D, Bradley, C. G. W. Sheppard, I. M. Suardjaja, and R. Woolley, “Fundamen-
tals of high-energy spark ignition with lasers,” Combust. Flame 138(1-2),
55-77 (2004).

143 B. Michael, A. Dogariu, M. N. Shneider, and R. B. Miles, “Subcritical
microwave coupling to femtosecond and picosecond laser ionization for


https://doi.org/10.1117/12.152237
https://doi.org/10.1115/1.1805550
https://doi.org/10.1016/j.jppr.2016.01.004
https://doi.org/10.1080/00102202.2015.1125347
https://doi.org/10.5402/2012/285240
https://doi.org/10.5402/2012/285240
https://doi.org/10.1016/j.combustflame.2012.11.007
https://doi.org/10.1007/s001930050107
https://doi.org/10.1007/s001930050126
https://doi.org/10.1016/s1540-7489(02)80199-7
https://doi.org/10.1016/j.combustflame.2004.04.002

106104-11 Mahamud et al.

localized, multipoint ignition of methane/air mixtures,” J. Appl. Phys. 108,
093308 (2010).

ISA . Matsuda, Y. Sekiya, R. Rosli, T. Sakai, and A. Sasoh, “Plasma behavior
induced by repetitive laser pulses,” in 39th Plasmadynamics and Lasers
Conference, 2008, p. 3898.

161, Wermer, S. Im, and M. Soo Bak, “Schlieren imaging investigation of suc-
cessive laser-induced breakdowns in air,” in 54th AIAA Aerospace Sciences
Meeting (AIAA, 2016), p. 0458.

7M. S. Bak, L. Wermer, and S. Im, “Schlieren imaging investigation of suc-
cessive laser-induced breakdowns in atmospheric-pressure air,” J. Phys. D:
Appl. Phys. 48(48), 485203 (2015).

18g, Nakaya, S. Iseki, X. Gu, Y. Kobayashi, and M. Tsue, “Flame kernel
formation behaviors in close dual-point laser breakdown spark ignition
for lean methane/air mixtures,” Proc. Combust. Inst. 36(3), 3441-3449
(2017).

9¢c. Dumitrache, R. VanOsdol, C. M. Limbach, and A. P. Yalin, “Control of
early flame kernel growth by multi-wavelength laser pulses for enhanced
ignition,” Sci. Rep. 7(1), 10239 (2017).

204, A. Tropina, R. B. Miles, and M. N. Shneider, “Mathematical
model of dual-pulse laser ignition,” J. Propul. Power 34(2), 408-414
(2018).

21C. Dumitrache and A. Yalin, “Numerical modeling of the hydrodynamics
induced by dual-pulse laser plasma,” in 2018 AIAA Aerospace Sciences
Meeting, AIAA SciTech Forum (AIAA, 2018), p. 0689.

2ZM. N. Shneider, M. S. Mokrov, and G. M. Milikh, “Dynamic contraction
of the positive column of a self-sustained glow discharge in air flow,” Phys.
Plasmas 21, 032122 (2014).

2G. P. Smith, “GRI-Mech 3.0,” http://www.me.berkley.edu/gri_mech/, 1999.

24y p. Raizer, Gas Discharge Physics (Springer, Berlin, Heidelberg, 1991).

AP Yalin, N. Wilvert, C. Dumitrache, S. Joshi, and M. N. Shneider, “Laser
plasma formation assisted by ultraviolet pre-ionization,” Phys. Plasmas,
21(10), 103511 (2014).

Phys. Fluids 30, 106104 (2018)

26C. J. Greenshields, OpenFOAM User Guide, Version 5 (The OpenFOAM
Foundation, 2017).

2TN.N. Smirnov, V. B. Betelin, R. M. Shagaliev, V. F. Nikitin, I. M. Belyakov,
Y. N. Deryuguin, S. V. Aksenov, and D. A. Korchazhkin, “Hydrogen fuel
rocket engines simulation using LOGOS code,” Int. J. Hydrogen Energy
39, 10748-10756 (2014).

28N. N. Smirnov, V. B. Betelin, R. M. Shagaliev, V. F. Nikitin, L. I. Stamov,
and D. I. Altoukhov, “Accumulation of errors in numerical simulations of
chemically reacting gas dynamics,” Acta Astronautica 117,338-355 (2015).

29y, Zhang, X. Jiang, L. Wei, J. Zhang, C. Tang, and Z. Huang, “Experimental
and modeling study on auto-ignition characteristics of methane/hydrogen
blends under engine relevant pressure,” Int. J. Hydrogen Energy 37(24),
19168-19176 (2012).

30, Kono, K. Niu, T. Tsukamoto, and Y. Ujiie, “Mechanism of flame ker-
nel formation produced by short duration sparks,” Symp. Combust. 22(1),
1643-1649 (1989).

31L. Wermer, J. Hansson, and S. Im, “Dual-pulse laser-induced spark ignition
and flame propagation of a methane diffusion jet flame,” Proc. Combust.
Inst. 36(3), 4427-4434 (2017).

32M. N. Shneider and R. B. Miles, “Laser induced avalanche ionization
in gases or gas mixtures with resonantly enhanced multiphoton ioniza-
tion or femtosecond laser pulse pre-ionization,” Phys. Plasmas 19, 083508
(2012).

33M. N. Shneider, A. M. Zheltikov, and R. B. Miles, “Tailoring the air plasma
with a double laser pulse,” Phys. Plasmas 18(6), 063509 (2011).

341, Cifuentes, C. Dopazo, A. Sandeep, N. Chakraborty, and A. Kempf, “Anal-
ysis of flame curvature evolution in a turbulent premixed bluff body burner,”
Phys. Fluids 30, 095101 (2018).

35G. 0. Erol, J. Hasslberger, M. Klein, and N. Chakraborty, “A direct numer-
ical simulation analysis of spherically expanding turbulent flames in fuel
droplet-mists for an overall equivalence ratio of unity,” Phys. Fluids 30,
086104 (2018).


https://doi.org/10.1063/1.3506401
https://doi.org/10.1088/0022-3727/48/48/485203
https://doi.org/10.1088/0022-3727/48/48/485203
https://doi.org/10.1016/j.proci.2016.07.057
https://doi.org/10.1038/s41598-017-10457-0
https://doi.org/10.2514/1.b36687
https://doi.org/10.1063/1.4869332
https://doi.org/10.1063/1.4869332
http://www.me.berkley.edu/gri_mech/
https://doi.org/10.1063/1.4898059
https://doi.org/10.1016/j.ijhydene.2014.04.150
https://doi.org/10.1016/j.actaastro.2015.08.013
https://doi.org/10.1016/j.ijhydene.2012.09.056
https://doi.org/10.1016/s0082-0784(89)80176-6
https://doi.org/10.1016/j.proci.2016.07.115
https://doi.org/10.1016/j.proci.2016.07.115
https://doi.org/10.1063/1.4747344
https://doi.org/10.1063/1.3601764
https://doi.org/10.1063/1.5044525
https://doi.org/10.1063/1.5045487

AIAA SciTech Forum 10.2514/6.2019-0741
7-11 January 2019, San Diego, California
AIAA Scitech 2019 Forum .

Check for
updates

Modeling of dual-pulse laser ignition in a turbulent flow
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We presented a mathematical model of dual-pulse laser ignition in a turbulent flow taking into account
detailed combustion chemistry and non-equilibrium plasma dynamics in a frame of a three-temperature
plasma model. To account for turbulence we use four semi-empirical models: k—&model, RNG k —& model
and k—@ SST model. Preliminary results showed a possibility of reliable laser ignition in a turbulent flow
using a dual-pulse approach. We have found that to get a better ignition probability in a turbulent flow we

—

E need to increase the initial number density of electrons seeded by the first ultra-violet pulse.

3

o

§ I.  Nomenclature

—

Yo} . .

S I = laser beam intensity K = turbulent kinetic energy

o K = kinetic energy £ = dissipation rate

2 Ter = reference temperature ® = specific dissipation rate

S P = pressure L = reference length scale

'3 T = viscous stress tensor I = laser intensity

% h = mixture enthalpy uy = effective viscosity

£ Yi = mixture enthalpy I,  =VT relaxation term from the higher

% M, = molecular weight vibrational levels

%.' R, = universal gas constant E, = non-equilibrium vibrational energy per
s Cp = specific heat m(?lecule

= ' - A I

2 o) = heat of reaction E) thermal equilibrium vibrational energy per
s ) ) j molecule

5 Q; = joule heating Aw  =0.29 eV, the vibrational quanta of nitrogen
S Qs = vibrational-translational (V-T) energy T, = vibrational temperature

% exchange term V. = transport frequency of Coulomb collisions
kel Me = electron mass

§ Ne = electron number density

Wy = chemical source term

& = the vacuum permittivity

Rav = avalanche ionization term

Ras, = ionization rate by the multiphoton ionization
Tyr = VT-relaxation time

V, = diffusion velocity

vy = turbulent viscosity

v, = transport frequency of elastic collisions
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Il.  Introduction

Laser ignition has attracted considerable attention recently connected with its unique possibilities to locate
ignition at any point inside the combustion chamber, the absence of electrodes and an increase of the ignition
probability especially of lean mixtures [1-3]. At the same time one of the main disadvantages of laser ignition is the
formation of the strong shock wave and losses of energy associated with high temperature spark related phenomena.
A novel concept of ignition by the dual-pulse laser method [4-7] helps to avoid such losses. A main idea is to divide
the ignition process by the laser plasma in two stages. The first step is to create a preliminary ionization region using
the ultra-violet (UV) or high intensity, short time duration laser pulse with a small amount of energy below breakdown
by multiphoton and avalanche ionization mechanisms [8]. The second step is subsequent energy addition through
joule heating using a much higher energy near infrared (NIR) laser pulse. The duration of the second pulse varies
between 10 and 20 ns with a total consumed energy of 20-40 mJ, which is enough to achieve ignition and to avoid
energy losses connected with the strong blast wave formation [4,5]. The combination of two subsequent laser sparks
[9] is an alternative approach for dual-pulse laser ignition. Experiments exploring the concept of dual-pulse laser
ignition by UV and NIR laser pulses were conducted in the absence of a gas flow, so the question of dual-pulse laser
ignition in a turbulent flow is still open. In our previous work [10] we presented and validated a mathematical model
of dual-pulse laser ignition in a quiescent methane-air mixture, showing the influence of vibrational non-equilibrium
and non-uniformity of the initial electron density distribution on the ignition kernel development.

As has been discussed in the literature, under equilibrium conditions the kernel size for a spark ignition is a
strong function of time, and an ignition kernel forms a very stable structure [11]. At the early time of ignition and
flame propagation, the kernel structure practically is not influenced by the turbulent fluctuations except in the case of
very strong turbulence, which can lead to flame extinction. Jarzy et. al [12] have suggested that the generation of a
uniform, small scale turbulence flow field near the ignition point can improve the reliability of ignition. For non-
equilibrium plasma assisted ignition, this phenomenon can be slightly altered, as the energy deposition dynamics is
different [10]. This paper presents a first attempt to explore the concept of dual-pulse laser ignition in a turbulent flow
using numerical modeling.

1. Mathematical model

We considered a planar channel turbulent flow of premixed methane-air with inflow Reynolds numbers
Re=2000-5000. The turbulent flow and subsequent ignition are described by the two-dimensional Reynolds-averaged
Navier-Stokes equations. Ignition and combustion reaction schemes are taken from [7,10]. Appropriate initial
conditions for electrons and ions at t=0 reflect dynamics of the first laser pulse. To model turbulence the model
additionally includes equations of the standard semi-empirical models of turbulence. We use several turbulence
models including the standard k —& model; the Renormalization k —& model and SST k —@ model. Initial conditions
for the flow simulation are based on the solution for the non-reacting mixture turbulent flow in a two-dimensional
channel geometry.

We investigate ignition of the multi-component methane-air mixture at the turbulent Prandtl number Pr=0.9
and Lewis numbers Le=1 for all species assuming that turbulent diffusion coefficients are the same for all components.
The mathematical model of the problem in a frame of the three-temperature plasma model is as follows

%pw.(pV) —0 X
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The chemical source term, which includes a k-species production and consumption rate in 325 reactions of
the GRI-3.0 mechanism and the low temperature oxidation mechanism of methane is the same as in our earlier work
[10]. The source term in Eq. (5) for electrons and positive ions includes the ionization rate by avalanche ionization
Rav as well as the ionization rate by multiphoton ionization Rmpi and additional plasma reactions as in [7]. The gas
phase species are assumed to follow the ideal gas law. The absorbed laser energy goes to heating and vibrational
excitation according to the data of the electromagnetic field energy transferred to the different degrees of freedom and
its dependence on the electron energy [13]. Vibrational-translational relaxation term (12) includes vibrational-
translational (VT) relaxation in the Landau-Teller form, describing VT relaxation from the low vibrational levels with

the vibrational-relaxation time 7,,; and an additional term II,, responsible for the VT relaxation from the higher

vibrational levels and the anharmonicity effects as in [14]. Dynamics of the first ultra-violet pulse was not modelled
as in [10] but was taken into account by selecting initial conditions for the electron and positive ions number density
in the initial ionization region of the convex shape (Fig.1).

A stress tensor in Eq. (2) includes laminar and turbulent parts, where the turbulent viscosity was evaluated
based on the choice of the turbulent model. At this stage of the model development turbulence effects on the chemical
reactions rates were neglected and the model includes laminar reaction rates. Thus, we assumed that the reaction rates
of plasma and combustion reactions do not depend on the local turbulence intensity, which is valid for relatively fast
chemical reactions. Figure 1 presents the schematic of the problem geometry and boundary conditions.

V. Numerical model

The system of non-stationary RANS equations is solved using a custom made solver based on Open FOAM C++
libraries [15]. We use a finite volume method and the PISO (Pressure Implicit Splitting of Operators) algorithm, which
includes one predictor and two corrector steps to find the velocity and pressure fields. For time integration, a second
order backward Euler scheme is chosen. A second order unbounded scheme that limits towards upwind scheme in the



Downloaded by Azer Yalin on May 1, 2019 | http://arc.aiaa.org | DOI: 10.2514/6.2019-0741

regions with strong gradients is a primary scheme for the advection terms. A second order central difference scheme
is used for diffusion terms and mass fluxes. The model includes a Strang splitting algorithm for chemistry terms and
bi-conjugate gradient method. A variable time step is adjusted dynamically to limit the maximum convective CFL
number to 0.5. A code developed in [10] for dual-pulse laser ignition in a quiescent methane-air mixture has been
verified by comparison the simulation results with the analytical and numerical solutions and experimental data to
check the grid independence, the shock capturing capability and the low accumulation of the error in our simulations.
A validation of the ignition and the three-temperature plasma models has been carried out by the comparison of the
calculated ignition delay time, ignition kernel dynamics, and numerical shlieren images with the available
experimental data. To model dual-pulse laser ignition in a turbulent flow we include semi-empirical turbulent models.
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Figure. 1: Schematic of the problem geometry.

V. Results and Discussions

To validate a turbulent part of the model we performed calculations for a standard backward step facing
geometry. The mean stream wise velocity profiles in the inlet, recirculation region and attached flow region are
compared with the available experimental data [16] and the results are shown in Fig. 2. All the RANS models match
well with the experimental data. The k —& model was found to be better than other models in the downstream region.

Simulation results of dual-pulse laser ignition for a case of the k —& turbulence model are presented in Fig.3-
6. We considered a near-infrared laser (NIR) pulse of 20 ns duration and of 20 mJ laser energy. Figure 3 shows the
ignition kernel structure and the selected species contours at t=5 ms at the inflow Reynolds number Re = 2 - 10* and
the initial electron number density n = 1017 m=3. It is seen, that at such an inflow velocity and preliminary
ionization conditions the flow penetrates into the initial plasma spot and creates a recirculation region behind the
kernel. The ignition kernel grows with time that proves a successful ignition event but compared with ignition in a
quiescent methane-air mixture we do not observe a separation of the kernel (Fig.4).

i xH=1.5 [ WH=8
25 B
[| © Experiment 230 -
[ . o Experiment
[| —— k-epsilon i .
> L K 5 [ | —k-epsilon
: -omega SST |- - ~k-omega SST
st
=
] -
05
— — . 0
-0.22 0.28 0.78 0 0.2 0.4 0.6 0.8 1
U/Uref U/Uref

Figure. 2: The velocity profiles at different cross-sections for different turbulence models, Re = 3 - 10*.
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To understand the dynamics of the ignition kernel in a turbulent flow Figure 4 presents a time resolved
structure of the kernel during the early time of ignition. As can be observed, when the temperature of the core is high
enough the flow tends to pass over the kernel followed by a recirculation region behind the kernel. At a later time, the
kernel is swept away by the flow and if a flow velocity is high enough and the initial electron number density is below
nd = 107 m~3 ignition is not observed. Thus to get a better ignition probability in a turbulent flow we need to
increase a number density of electrons seeded by the first UV pulse.

B 3001

@

S
o

IS

"
2

U Magnitude

B 590-02

Figure 3: The ignition kernel structure and selected species contours after 5 ms at Re = 2- 10%, the k—¢
turbulence model.



Downloaded by Azer Yalin on May 1, 2019 | http://arc.aiaa.org | DOI: 10.2514/6.2019-0741

Figure 5(a) shows the centerline gas temperature profile (x=0) for three different flow regimes at time
t=10 ns so during the NIR laser pulse energy deposition. The gas temperature in the core of the channel at this early
time does not change significantly between the case of the turbulent flow( RNG-k-epsilon model) and the case of
the laser energy deposition in a quiescent methane-air mixture. Because the Reynolds number was the same Re =
5 - 103for both laminar and turbulent flow, results for the laminar flow are inconsistent with the flow physics. The
spatial distribution of the electron number density at time t=20 ns is showed in Figure 5(b) with the flow velocity
field under such conditions. The flow tends to pass over the plasma kernel due to the strong shock wave generation.

If the initial number density of electrons formed by the first ultra-violet pulse becomes higher, the
dynamics of the plasma kernel interaction with the flow is changed. Stronger shockwave and joule heating created
by the second near-infrared laser pulse leads to more stable kernel structure at the early time of ignition, when the
incoming flow does not penetrate inside the kernel ( Fig.6.b). The kernel diameter increases with time, indicating
a successful ignition event. In addition, the kernel diameter increases with the initial electron number density
(Figure 7).

We also considered an interaction of the dual-pulse laser pulse with incoming turbulent flow. Figure 8
shows the formed flow field nearby the ignition kernel with the initial number density of electrons n = 1017 m~3
and Re = 8-10*. The flow pattern is quite similar; however, the RNG- k —& model predicts slightly higher
velocity at the wake of the kernel compared to the k-omega SST model.

Analyzing the influence of the Reynolds number on ignition kernel dynamics, we can summarize that for
the low Reynolds numbers, the kernel structure formed by dual-laser pulse is very stable and similar to that in a
quiescent methane-air mixture. At high Reynolds numbers, the flow swept away the ignition kernel and the
structure and shape of the kernel is changed compared with the case of ignition in a quiescent mixture (Fig.9,10).
Oriented on the OH profiles estimated ignition delay time for the problem was around 120 us.
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Figure 4: The ignition kernel shape: a) turbulent flow, Re = 6.5 - 10% ;
b) quiescent methane-air mixture.
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Figure 5: (a) The gas temperature profile at x=0 after 10 ns of the NIR laser pulse energy deposition;
(b) The electron number density and the velocity vectors.
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Figure 10. Plasma and ignition kernel dynamics for dual-pulse laser ignition
in a turbulent flow, Re = 5- 103 .

VI. Conclusions

We have presented a mathematical model of dual-pulse laser ignition in a turbulent flow taking into account
detailed chemistry, electrons and ions dynamics in a frame of the three-temperature plasma model. The results showed
a possibility of successful ignition in a turbulent flow using a dual-pulse laser technique. For the low Reynolds
numbers and moderate initial electron number density, created by the first ionizing pulse, the kernel structures are
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very stable and similar to those in a quiescent methane-air mixture. At high Reynolds numbers, the flow swept away
the kernel, leading to the change of the shape and structure of the kernel. For the case of high turbulence intensity, a
further development of the model is needed to understand the interactions between turbulence, ignition and plasma
chemistry at the early time of ignition.
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Abstract

This contribution characterizes the properties of dual-pulse nanosecond laser plasmas
and examines their ability to ignite fuel-air mixtures. The dual-pulse plasma is generated
using a UV pre-ionization pulse (A=266 nm) of energy Euv=20 mJ, followed by an NIR pulse
(A=1064 nm) of energy Enir=40 mJ delivered 15 ns after the first pulse. Rayleigh and
Thomson scattering diagnostics are performed for dual-pulse plasmas in air (To=298 K, Po=1
bar) to measure electron density and gas temperature over a timescale of 200 ns to 200 ps
after initial plasma formation. We report a dual-pulse electron density of ne=4.0-5.9x10%" cm-
3 at time of 200 ns after the initial pulse, and a gas temperature of 1360 K at time of 10 s,
using Thomson and Rayleigh scattering techniques respectively. Temporal profiles of
electron density exhibit similar trends for both the NIR and dual-pulse plasmas, while
temperature profiles indicate much more rapid gas cooling for the dual-pulse plasma. Dual-
pulse laser ignition was studied in non-flowing propane-air and methane-air mixtures (Po=1
bar and To=323 K) yielding a lean limit of ¢$=0.6 for both fuels, though propane ignition
exhibited slightly higher efficiency.

I. Introduction

field. As spark plugs and other igniter technologies reach their performance limit, emerging emphasis is

placed on developing new ignition techniques, one of which is laser ignition. Laser ignition techniques have
the advantage of not requiring mounts or electrodes, thus avoiding associated heat sink and flame quenching effects,
as well as increased flexibility in positioning the ignition source.’* Other advantages include precision timing
control and potential combustion enhancement. As new fuel types, including bio-fuels, are developed for aerospace
applications, there is a need for development of accompanying ignition techniques. Laser ignition has shown
promise in rocket applications including deep space nuclear propulsion and ignition of non-hypergolic fuels in
orbital maneuvering thrusters.>®” Ramjet and scramjet engines may benefit from spark location flexibility, rapid
relight, and potentially spatially (volumetric) arrays of ignition points which contributes to increased control over
intermediate reactions, leading to more stable and complete ignition.>®7 Terrestrial applications include
turbomachinery and reciprocating engines, where laser ignition techniques can offer reduced maintenance
requirements, and have been shown to extend the lean limit, increase flame speeds?, and reduce pollutant emissions.®
In certain scenarios, high frequency laser induced plasmas have been shown to increase flame stability and assist in
flame propagation.’®* However, the high energy requirements necessary for gas breakdown have proved a
significant obstacle in making laser ignition industrially attractive.® Previous studies have found that less than 8% of
breakdown energy contributes to ignition, while the rest of the plasma energy is lost through shockwave propagation
and radiative processes.'?

I aser plasmas are of growing interest for ignition in a host of combustion applications including the aerospace
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We are examining multi-pulse plasmas, based on two nanosecond laser pulses operating at different
wavelengths, as a means to expand ignition windows and tailor properties such as gas temperature, electron nhumber
density, and plasma size and hydrodynamics.>!34 By decoupling the two processes responsible for plasma
formation, multiphoton ionization (MPI) and electron avalanche ionization (EAI), the dual-pulse technique makes
plasma properties controllable and requires less input energy than well-established laser spark ignition.t®4
Mahamud et al. recently developed a model illustrating that properties such as kernel growth and ignition delay are
made controllable through adjustment of laser intensity and focusing distance.'® Past research has shown that UV
laser ionization is dominated by MPI processes, while NIR breakdown is dominated by EAI processes.®
Accordingly, our method uses a UV laser pulse (A=266 nm in the present work) for pre-ionization, and a secondary
NIR laser pulse (A=1064 nm in the present work) for energy addition to seed electrons. Other research has examined
the effect of time-spacing between pulses for multi-pulse and repetitive-pulse schemes and combinations of laser
and microwave pulses. 11617-1% Dual-pulse plasmas have been shown to cause less flame stretching and successful
suppression of an undesirable third lobe, commonly observed with other laser ignition techniques.® These properties
result in better ignition characteristics, particularly with regards to increased efficiencies and extension of the lean
limit.>® In high speed flows, dual-pulse plasmas (created with other wavelength/timing schemes) also have increased
ignition probabilities compared to single pulse plasmas of equivalent energy.'®

This contribution presents experimental results regarding gas temperature and electron density of laser plasms
formed from the dual-pulse pre-ionization method. Additionally, ignition experiments were performed in propane-
air and methane-air mixtures to demonstrate the ability of such a technique to ignite combustible mixtures,
particularly around the lean limit. Section Il of the paper details the experimental setup for plasma formation,
Rayleigh and Thomson scattering diagnostics, and ignition and combustion in fuel-air mixtures. Section Il presents
the resulting electron densities and temperatures of the dual-pulse and NIR plasmas, as well as ignition efficiencies
in propane-air and methane-air mixtures. Section IV draws conclusions and presents ideas for future work.

1. Experimental Setup

The dual-pulse laser plasmas are formed from two beams. The first pre-ionization pulse (A=266 nm) is due to
the fourth-harmonic output of an Nd:YAG (Continuum Powerlite 8010) and generally has energy of 20 mJ and
pulse-duration of 7 ns. The second pulse (A=1064 nm) is delivered 15 ns later and is due to the fundamental output
of a second Nd:YAG (New Wave Gemini) with energy 40 mJ and pulse-duration of 10 ns. The optical setup is
shown in Fig. 1. For single-pulse experiments, in the NIR, the same 1064 nm source (New Wave Gemini) is used,
generally with energy of 95 mJ. For the dual-pulse case, the separate beams are spatially overlapped and combined
with a beam splitter (ThorLabs HBSY134). The two beams are focused to a common location, with separate lenses
both having focal length of 300 mm). Rough beam overlap is achieved with irises and pinholes, while final precise
alignment is achieved by minimizing the laser energies required to spark. Initial alignment is done in open-air, after
which the combustion chamber is added and minor adjustments are made.
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Figure 1: The optical setup for the dual-pulse plasma with Rayleigh/Thomson scattering diagnostic.



An additional Nd:YAG laser source (Spectra Physics Quanta Ray) operating at 532 nm is used for diagnostics
by (combined) Rayleigh and Thomson scattering. The diagnostic probe beam is introduced into the combustion
chamber using dielectric steering mirrors and focused with a plano-convex lens (f=250 mm). The diagnostic beam is
orthogonal in direction to the plasma formation beams and weakly focused in the laser plasma region, possessing a
beam waist diameter of approximately 190 um (narrower than the laser plasmas that it is used to probe). The
scattering signal is collected along a direction orthogonal to both the plasma formation and diagnostic beam axes
with a collection lens (f=75 mm). It is then imaged through a 532 nm bandpass filter (ThorLabs FL532-10) onto an
ICCD camera (pco DICAM pro). Baffles positioned inside the chamber reduce the amount of background light
collected by the camera (i.e. reduce the elastic scattered laser light from the chamber windows and spurious
reflections etc.). The camera imaging is executed using 2 x 2 binning, resulting in an image resolution of 512 x 640
pixels, with a spatial resolution corresponding to 11 um/pixel. 774 images are collected for each condition (three
sets of 258 images) and photodiodes are utilized to monitor the timing of each laser as well as the camera. A similar
setup is used for plasma characterization studies and ignition studies, but in the latter case the chamber arms for
delivery of the diagnostic beam are removed. For combustion heat-release analysis, pressure data is collected using a
dynamic pressure transducer (PCB Piezotronics 113B24) and oscilloscope (Rigol DS1204B).

1. Results and Discussion

A. Energy Dependence of UV Plasma Luminosity

The goal of this investigation is to identify the ionization mechanism for the UV pre-ionization pulse employed
in the dual-pulse scheme. Given the non-resonant UV excitation, it is expected that ionization should be primarily
via MPI. The dependence of electron generation, for which we use optical emission as a proxy signal, on the laser
pulse energy can be an indicator for the type of ionization present. Specifically, for non-resonant MPI, given the
266 nm wavelength and the ionization energy of air (mainly consisting of nitrogen), one expects a cubic dependence
of electron density on laser fluence (3 photons are required for ionization).?>?! The dependence of optical emission
(obtained 200 ns after the UV pulse for shutter duration 25 ns, without spectral filtering) on the UV laser pulse
energy is shown in Fig. 2. The emission data is well fit with a third order polynomial which supports that ionization
is predominantly by MPI (not, e.g. 2+1 resonant enhanced MPI or a high fraction of electron generation by EAI).
However, it is recognized that optical emission is not a perfect proxy for electron generation, and future efforts will
include similar measurements (versus laser energy) with Thomson scattering.?
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Figure 2: Optical emission intensity of the UV plasma as a function of the laser energy. Images were taken at a delay of
200 ns after plasma formation (first pulse). A cubic fit has been applied to the data to verify the ionization method.



B. Plasma Electron Density

We have performed 2-D scattering measurements of the laser plasmas to examine plasma density and gas
temperature. The scatter signal is due to a combination of Rayleigh and Thomson scattering (and much weaker
Raman scattering). At early times the scattering signal is primarily due to Thomson scattering, and can be used for
electron density determination, while at later times the signal is primarily Rayleigh, allowing for determinations of
gas temperature.® The transition between the two regimes can be difficult to determine and in the present case is set
as the time when the central Thomson peak (clearly visible at early times) diminishes to be no longer discernible.
The scattering measurements were performed for both dual-pulse and NIR induced plasmas. The dual-pulse plasma
was based on Eyv=20 mJ and Enr=40 mJ (Etow=60 mJ), while the NIR (only) plasma had Eng=95 mJ. The
scattering profiles are plotted in Fig. 3 where the vertical axis shows the scatter and the horizontal axis is the spatial
position transverse to the plasma formation axis. The inset shows the orientation of the probe beam relative to the
laser plasma axis — the dark region in the middle is due to low density and high temperature. The scattering signal,
I, is normalized by a baseline signal, lo. The method to infer electron density, at the center position, is based on
lower and upper bounds of the Thomson peak and has been described in our past work.'® Taking the 1 us delay
profile (left of Fig. 3) as an example, one sees that far away from the center of the plasma, the signal remains
unchanged (l/1o=1), because the plasma induced shockwave has not reached this point. Working inwards, we
observe a large increase in signal due to scattering from increased particle density on the leading edge of the
shockwave. The reduction in intensity in the central portion is attributed to rarefaction on the trailing edge of the
shockwave and the elevated temperature (reduced density) of the plasma kernel, while an upward pointing peak due
to Thomson (electrons) is also present.323

Shockwave Dalay
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Figure 3: Rayleigh scattering signal along the transverse axis of the plasma for a NIR (left) and dual-pulse (right) laser
plasma. The signal has been normalized by the intensity of the scattering beam. The rise of central portion of the signal is
due to Thomson scattering. Images in the bottom right detail the raw ICCD images at a delay of 2.5 ps. The plasma
formation lasers enter from the top of the image.

For the 0.5 us delay case (left of Fig. 3), the lower and upper bounds of the Thomson scatter are shown, from
which the electron density can be estimated.'® Electron density decay for both plasmas can be seen in Fig. 4, where
the uncertainty bars span between the bounding values. We find similar electron density profiles for the dual-pulse
and NIR cases, with a peak value of n.~5.0x10'" cm measured for the dual-pulse at delay of 200 ns after plasma
formation.
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Figure 4: Electron density decay for the NIR and dual-pulse plasmas as a function of time.

C. Plasma Gas Temperature

Rayleigh scattering measurements for temperature can begin to be applied at the time when the Thomson
scattering signal becomes negligible. We (somewhat crudely) estimate this to be the time at which the central region
of the scattering signal begins to rise (due to cooling) rather than continues to fall (due to electron decay).?’ The
corresponding time is approximately 5 ps for the dual-pulse condition and 10 ps for the NIR plasma, in reasonable
agreement with literature.'® The corresponding (Rayleigh dominated) profiles are shown in Fig. 5. At the extended
delay times (left of Fig. 5 for NIR), some interesting hydrodynamic fluid behaviors become apparent. The peaks and
dips are thought to be due to kernel vorticity extracting hot fluid from the central region and circulation of this fluid
through two adjacent lobes.%?*
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Figure 5: The normalized scattering signal at later delays for both NIR (left) and dual-pulse (right) plasmas.

The basic method to determine temperature from the Rayleigh (dominated) scattering profiles is to use a ratio
approach where (at each spatial position) the intensi