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Recently, a phase-selective laser-induced breakdown spectroscopy (PS-LIBS) technique has been pro-
posed and developed to diagnose nanoparticles. However, only a few kinds of nanoparticles can generate
sufficient strong PS-LIBS signals for single-shot two-dimensional measurement. In this work, we report
on the development and validation of a resonance-enhanced PS-LIBS for instantaneous two-dimensional
imaging of nanoparticle formation and transport in a turbulent reactive flow. By matching the laser pulse
with the absorption line of titanium atoms in the laser-induced nanoplasma, we find that the resonance-
enhanced titanium atomic emissions are 1 order of magnitude stronger than the nonresonant spectra
ranging from 498 to 502 nm. Based on the spectral characterization, a quantitative relation between
the spectra and the particle volume fraction is theoretically established and validated by experiments.
Combining the resonance-enhanced PS-LIBS and planar laser-induced fluorescence (PLIF) techniques,
instantaneous two-dimensional distributions of the nanoparticle and the hydroxyl radical (OH radical) can
be measured in situ in a turbulent reactive flow. The simultaneous measurement demonstrates a strong
correlation between the nanoparticle formation and the reactive flow pattern in the turbulent region. The
correlation further reveals that the precursor consumption is dominated by the turbulence effect, indicating

the precursor chemistry-turbulence coupling.
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I. INTRODUCTION

The formation and transport of nanoparticles are ubiqui-
tous in various important physical processes such as soot
inception [1], atmospheric aerosol formation [2,3], and
interstellar dust evolution [4]. They are also of engineer-
ing significance. In the rising industry of nanotechnology,
the gas-phase synthesis routes, e.g., flame synthesis [5,6],
laser ablation [7], electric discharges [8], have shown
great advantages in the scalability and versatility. How-
ever, the underlying physics governing the nanoparticle
formation and transport in turbulent reactive flows are
largely unknown. This limits the optimization of scalable
synthesis processes and the capability of tailoring struc-
tures and morphologies of nanomaterials. Therefore, in situ
nonintrusive diagnostics are highly desired for the investi-
gation of nanoparticle formation and transport in turbulent
reactive flows.
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Several laser diagnostics methods have been developed
for nanoparticle measurements. Specifically, laser-induced
incandescence (LII) is widely adopted to measure the par-
ticle volume fraction (PVF) and size of soot, but LII is
difficult to extend to metal and metal oxides owing to
the complicate laser-absorption model and accommoda-
tion coefficients [9,10]. Laser-induced Rayleigh scattering
(or elastic light scattering) is good for qualitative mea-
surements, but the quantitative diagnostic is limited by
the complex dependency of the signal intensity on both
the particle size and structure, and concentration [11].
Small-angle x-ray scattering, based on Porod’s law, is able
to measure the size and fractal dimension of nanoparti-
cles [12]. Coherent Rayleigh-Brillouin scattering is able
to detect nanoparticles smaller than 10 nm [13,14]. Laser-
induced fluorescence (LIF) is applied to measure important
intermediate species in flame synthesis like SiO in the syn-
thesis process of SiO, nanoparticles [15]. However, LIF
cannot provide information about the particle-phase com-
position, which limits a comprehensive understanding of
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nanoparticle formation and transport in turbulent reactive
flows.

Recently, phase-selective laser-induced breakdown
spectroscopy (PS-LIBS) was discovered [16] and devel-
oped to a diagnostic technique for tracing the gas-to-
particle conversion of different elements [17,18] and
measuring particle volume fraction [19]. PS-LIBS is a
type of atomic emission spectroscopy generated from
laser-induced nanoplasma during the laser-cluster interac-
tion. The nanoplasma is initiated through an absorption-
ablation-excitation process [20]. In the presence of a laser
beam, electrons are excited to the conduction band through
absorption, and then transfer the laser energy to crystal lat-
tice via collision. The nanoparticle is then atomized and
ablated into the nanoplasma forming atomic emissions.
Different from millimeter-sized plasma in conventional
LIBS, the nanoplasma has the lifetime of about 10' ns
and the electron temperature of less than 10* K [16].
Within the nanosecond lifetime, the low kinetic energy of
electrons makes the impact ionization of surrounding gas
molecules difficult to happen. Therefore, the nanoplasma
is confined locally around each single nanoparticle without
visible sparks and strong Bremsstrahlung spectrum in both
ultra-violet and visible ranges. This feature enables a two-
dimensional laser-induced breakdown of nanoaerosols to
visualize the nanoparticle distributions [17]. Unfortu-
nately, in the weakly ablated nanoplasma with the low
electron temperature [16], only a few elements can gener-
ate sufficiently strong atomic emissions for instantaneous
two-dimensional measurements. This is because the spec-
tral line intensity depends not only on the plasma temper-
ature and the species concentration, but also on the atom
characteristics like the transition probability, the degen-
eracy, and the upper energy level. Previous attempts to
further enhance the atomic emission in the nanoplasma
has been performed by Xiong et al [21,22], show-
ing the feasibility of the resonance-enhanced PS-LIBS
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in point measurements. However, the relation between
the resonance-enhanced PS-LIBS signal and nanoparticles
was not established, and the application to instantaneous
two-dimensional measurements of nanoparticles is still
absent.

In this study, we achieve in sifu instantaneous two-
dimensional laser diagnostic of TiO, nanoparticles by
applying the resonance-enhanced PS-LIBS technique. The
technique is first characterized by one-dimensional spec-
tral measurement. Then, a quantitative correlation between
resonance-enhanced PS-LIBS signal and particle volume
fraction is established theoretically and validated by exper-
iments. Finally, the technique is utilized for instantaneous
measurements of nanoparticles in a turbulent reactive flow.
Together with simultaneous planar laser-induced fluores-
cence (PLIF) of OH radicals, the measurements elucidate
the nanoparticle formation and transport mechanism in the
turbulent reactive flow.

II. EXPERIMENTAL SETUP

In this work, a jet-diffusion flame is used to generate
nanoparticles, as shown in Fig. 1(a). In laminar flow con-
ditions, a multielement diffusion flame is used to stabilize
the central jet-diffusion flame. In turbulent flow conditions,
a cold sheath flow of pure air is introduced to increase
the shear rate. The high shear rate causes the Kelvin-
Helmholtz instability that severely disturbs the nanopar-
ticle formation and transport in the central reactive flow.
Details about the reactor and the operation conditions can
be found in the Supplemental Material [23]. Titanium iso-
propoxide [TTIP, Ti(C3H;0)4, Sigma-Aldrich] is used as
a precursor for the synthesis of TiO, nanoparticles. The
precursor is heated to 363 K in a bubbler, carried by the
oxygen gas flow, and fed into the flame. Depending on
the precursor loading rates and gas-flow rates, the precur-
sor concentration is adjusted from 1 to 100 ppm, and the
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particle volume fraction is varied from 1 to 1000 ppb. A
water-cooled plate is placed at the height of 120 mm above
the burner to collect synthesized nanoparticles. The plate
is controlled at a low temperature about 78 °C to enhance
the thermophoretic deposition of nanoparticles and to sup-
press the on-substrate sintering of nanoparticles. The TEM
images in Fig. 1(b) show that the collected nanoparticles
have an average size of about 31 nm with a geometric stan-
dard deviation of 1.36. The nanoparticles have the anatase
crystalline structure as identified by the diffraction pattern.

The laser diagnostic system for simultaneous resonance-
enhanced PS-LIBS and PLIF measurement is shown in
Fig. 1(c). An Nd:YAG laser (Spectra-Physics, Quanta-Ray
Lab 290) operated at the third harmonic is used to gen-
erate one laser beam with the wavelength of 354.71 nm
(in air) for the resonance-enhanced PS-LIBS measurement.
The laser beam is extended by a quartz cylindrical concave
lens (f = —400 mm) and then focused by a spherical con-
vex lens (f = 500 mm) to form a laser sheet with a beam
waist of about 0.17 mm. Another Nd:YAG laser (Spectra-
Physics, Quanta-Ray) operated at the second harmonic
is used to pump a Sirah Cobra-Stretch tunable dye laser
(Rhodamine 590 dye) for OH PLIF measurement. The
laser wavelength is 282.93 nm (in air), and the laser energy
is 4.2 mJ/pulse. The 282.93-nm laser beam is extended by
a cylindrical concave lens (f = —50 mm) and focused by a
spherical convex lens (f = 300 mm) to form a laser sheet
with a beam waist of about 0.22 mm. Both laser beams
have pulse durations of about 10 ns. The two lasers are
operated at the same frequency of 5 Hz and synchronized
by a digital delay generator (Stanford Research Systems,
DG-645).

For the resonance-enhanced PS-LIBS, the spectrum at
480.54 nm is collected by an intensified charge-coupled
device (ICCD) camera (Princeton Instrument, PI-MAX
4, P43 phosphor) equipped with a Nikon lens (MACRO
100F2.8D) and a bandpass filter (center wavelength of
480 nm and the FWHM of 10 nm). The spatial resolu-
tion is 0.0445 mm/pixel, and the depth of field about 0.8
mm. The two-dimensional OH fluorescence is recorded
by another ICCD camera (Princeton Instrument, PI-MAX
4, P46 phosphor) opposite to the resonance-enhanced PS-
LIBS camera, as shown in Fig. 1(c). The camera for OH
fluorescence is fitted with a CERCO UV lens (94F4.1 type
2085) equipped with a bandpass filter (center wavelength
of 307 nm with the FWHM of 10 nm). The spatial reso-
lution is 0.0396 mm/pixel, and the depth of field is about
1 mm. The ICCD gate for resonance-enhanced PS-LIBS
signal is set to be 200 ns with 128 ns prior to the laser
pulse. The gate signal further triggers the other ICCD for
OH PLIF measurement with the gate width of 200 ns.

Before two-dimensional measurement, one-dimensional
spectral diagnostic is conducted to characterize the
resonance-enhanced PS-LIBS signal. In this case, the 355-
nm laser beam is focused by a spherical convex lens (f =

500 mm) into a laser line. The emitted spectra are then col-
lected by two 400-mm focal-length achromatic lenses and
an image rotator into a spectrometer (Princeton Instrument,
ISO-PLANE 320) with a 2400 groove/mm holographic
grating.

III. RESULT AND DISCUSSION

A. Characterization of resonance-enhanced PS-LIBS

In the presence of the 355-nm laser pulse, several dis-
tinct peaks (around 373, 480, and 500 nm) are identified
as the atomic and ionic emissions of titanium by the one-
dimensional spectral measurement, as shown in Fig. 2(a).
The center wavelength and FWHM of the major spectra
are listed in Table I of Appendix A and compared with
the NIST database in the Supplemental Material [23]. The
ionic spectral lines at 368.52, 375.93, and 376.13 nm are
significantly enhanced in comparison with the same spec-
tra in the presence of 532-nm laser pulses[19], indicating
a stronger ionization degree of nanoplasma. Different from
the two-photon absorption of the 532-nm laser pulse, the
TiO, nanoparticles can directly absorb the 355-nm pho-
tons. Referring to the classical semiconductor theory [25],
the interband transition rate can be estimated by

8Ne_oc1
at v ¥’
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where N, is the number of conduction-band electrons gen-
erated by one nanoparticle, « is the interband absorption
coefficient, / is the laser intensity, V), is the nanoparti-
cle volume, and Av is the photon energy. Considering that
the direct-allowed interband transition coefficient is about
47 x 10* em™! [26], the laser pulse with the energy of
1 GW/cm? can generate about 2.2 x 10* conduction-band
electrons in the first nanosecond for a 10-nm nanoparticle.
This value is of 2 to 3 orders of magnitude larger than that
generated in the two-photon absorption process [17,20].
The electrons are excited to the conduction band through
the direct absorption of laser light, and then efficiently
absorb the laser energy and transfer it to the crystal lattice
via collision, which leads to the ablation of nanoparticles
and the formation of nanoplasmas. It should be noted that
the continuous bremsstrahlung spectrum is not observed
in both ultra-violet and visible ranges, as the nanoplasma
has a low electron temperature [16]. Thus, the impact
ionization of surrounding gas molecules is difficult to hap-
pen and the nanoplasma remains localized around each
nanoparticle without any visible sparks. In this case, the
laser-induced breakdown only occurs for the nanoparticle
rather than the gas molecules, which achieves a spark-free
phase-selective breakdown.

After the ablation of nanoparticles, the same laser pulse
also excites the metastable Ti atoms in the nanoplasma
inducing the resonance-enhanced atomic emissions, which
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(a) Atomic emissions in one-dimensional spectral measurement. White triangles and circles indicate resonance-enhanced and

nonresonant atomic emissions of Ti, respectively, while the squares indicate ionic emissions. (b) Image of the flame synthesis reactor
and the laser line, where r and z indicate the radial and axial directions. (c) Atomic energy diagram of the resonance-enhanced atomic
emissions of Ti (the demonstrated wavelength is the Ritz wavelength in air according to the NIST database [24]).

is equivalent to a laser-induced fluorescence process.
The resonant excitation is identified by scrutinizing the
atomic energy diagram, as shown in Fig. 2(c). The laser
wavelength 354.71 nm (in air) matches two absorption
lines of Ti at 354.711 and 354.702 nm. The first one cor-
responds to the transition term of Ti (I) from a'D, to y3S}
and the second from a'Gj to w!'F§. The spontaneous tran-
sitions from S} level to the @*P,, a*Py, and a*Py levels

TABLE I

correspond to the Ti atomic spectra at 372.52, 370.99, and
370.23 nm, respectively, as indicated by triangle symbols
in the top panel of Fig. 2(a). The spectrum at the 497.534
nm [triangle symbols in the bottom panel of Fig. 2(a)] is
due to the transition from wng’ to b'D,. There is also
a possibility of an internal transition from w!'F3 to s*D5
[21], which is confirmed by the fluorescence at 480.54
nm from s°D5 to ¢*P, [triangle symbols in the middle

Center wavelength and FWHM of the detected atomic and ionic spectral lines

compared with the NIST database [24]. The term “R” stands for the resonant atomic emission.

Line type Center wavelength (nm) FWHM (nm) Ritz wavelength in air (NIST) (nm)
Tonic line 368.52 0.13 368.51814/368.51963
Atomic line (R) 370.22 0.12 370.22890
Atomic line (R) 370.99 0.12 370.99563
Atomic line (R) 372.51 0.12 372.51533
Tonic line 375.95 0.13 375.92915
Tonic line 376.15 0.14 376.1320
Atomic line (R) 480.52 0.12 480.54144
Atomic line (R) 497.52 0.18 497.53431
Atomic line 498.17 0.10 498.17305
Atomic line 499.11 0.10 499.10660
Atomic line 499.95 0.10 499.95030
Atomic line 500.72 0.11 500.72093
Atomic line 501.44 0.12 501.42762
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panel of Fig. 2(a)]. In the observed spectral range, no
ionic emissions are identified to be resonantly excited.
Benefited from the resonance excitation, the resonance-
enhanced atomic emissions are 1 order of magnitude
stronger than the nonresonant atomic emissions from 498
to 502 nm.

For this one-dimensional spectral measurement, the
laser line locates at the height of 6.5 mm above the burner
(z = 6.5 mm). As illustrated in Fig. 2(b), the gaseous pre-
cursor converts to nanoparticles at the laminar flame sheet.
Thus, the titanium in the central zone (zone I) exists as the
gaseous precursor and transforms into nanoparticles in the
outer zone (zone II), as shown in Fig. 2(a). Both nonres-
onant and resonance-enhanced emissions clearly exist in
zone II but can hardly be found in zone I. Therefore, the
spectra can visualize the gas-to-particle conversion across
the thin flame surface. Note that the interband absorption
coefficient o for nanoparticles can be expressed as C(hv —
Eg)o'5 [25]. When the nanoparticle bandgap £, increases,
the absorption rate decreases significantly. Previous stud-
ies [27,28] indicated that the bandgap of nanoparticles
increases significantly with the decreasing particle size due
to the so-called quantum size effect. Based on an effective
mass model [28], the TiO, nanoparticle bandgap is about
3.2 eV at 6 nm and increases to about 4.5 eV at 1 nm.
Because of the size-dependent bandgap, smaller nanoparti-
cles are more difficult to absorb the laser enegy. According
to the above analysis of Eq. (1), laser ablation of nanopar-
ticles does not occur for small clusters, which leads to
the phase-selective spectra that can be used to trace the
nanoparticle formation in reactive flows.

Temporal evolution of the atomic and ionic emissions
is examined in order to better understand the spectra. The
time-resolved signal of gas Rayleigh scattering is mea-
sured to mark the laser pulse. As shown in Fig. 3, both the
ionic emission near 376 nm and the resonance-enhanced
atomic emission at 480.54 nm decay simultaneously with
the laser pulse, while the nonresonant atomic emission
at 498.17 nm shows a second peak after the laser pulse.
The spontaneous emission lifetimes of both the resonance-
enhanced atomic emission and the ionic emission are
estimated to be about 10! ns based on the Einstein coeffi-
cient [23], which, however, cannot explain the fast decays.
Thus, the spontaneous emission should not dominate the
de-excitation of atoms in the nanoplasmas. Considering
the presence of the second peak of the nonresonant atomic
emissions, the fast decay of the ionic emission indicates
a recombination process through quenching. The recom-
bination process may serve as a new route of populating
high-energy states of atoms. The characteristic twin peak
of atomic emissions is also observed in the laser-induced
atomic emissions of silicon nanoparticles [29,30], but fur-
ther investigations of the nanoplasma evolution are still
needed. For the resonance-enhanced atomic emission, the
excited atoms could be de-excited through the stimulated
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enhanced atomic emission, the ionic emission, and the nonres-
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fitted by a Gaussian distribution (black line). Each data point
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emission, which is later validated by its saturation feature
with the laser intensity.

The dependence of the atomic and ionic emissions on
laser intensity is further investigated. Figure 4 shows the
signal intensity variations as a function of laser intensity
for resonance-enhanced atomic emissions at 480.54 and
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FIG. 4. Dependence of signal intensity on laser intensity. The
signal intensity is obtained by integrating the spectra. In the
legend, “RE atom,” “Ion,” and “Atom” indicate the resonance-
enhanced atomic emission, the ionic emission, and the nonreso-
nant atomic emission, respectively.
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497.53 nm, the ionic emissions at 375.93 and 368.52 nm,
and the nonresonant atomic emissions at 499.11 and
502.00 nm. All spectra increase with the laser intensity and
tend to saturation. For the ionic emissions, the signal inten-
sity can be regarded as the ionization degree of nanoplas-
mas. Thus, the saturated ionic emission is attributed to the
saturated excited electrons with increasing laser intensities
[17]. Tt should be noted that, the laser intensity at which
the nonresonant atomic emissions start to saturate is signif-
icantly lower for the 355 nm laser (0.2-0.3 GW/cm?) than
for the 532-nm laser (1 GW/cm?) [20]. This result vali-
dates that the direct absorption for the 355-nm laser pulse
is much more efficient than the two-photon absorption for
the 532-nm laser pulse.

For the resonance-enhanced atomic emissions, the
plateau tendency of the signal intensity with the laser
intensity is caused by the saturation of both nanoparticle
ablation and the subsequent resonant excitation. By select-
ing the laser wavelength consistent with the absorption
line of Ti atoms, the resonance-enhanced atomic emissions
can easily reach the saturated regime at a signal intensity
1 order of magnitude higher than the nonresonant atomic
emissions and the ionic emissions. This feature is of great
benefit for the instantaneous two-dimensional imaging of
nanoparticle distributions. In the saturation conditions, the
stimulated emission is much stronger than the collisional
quenching and the spontaneous emission, and thus dom-
inates the de-excitation of excited atoms, according to
the classical laser-induced fluorescence theory [31]. The
saturated resonance-enhanced atomic emission sg is pro-
portional to the number density of titanium atoms at the
ground state 7 and the spontaneous emission coefficient
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where n,, is the particle number density, V), is the averaged
nanoparticle volume. This expression predicts a propor-
tional relation between the resonance-enhanced PS-LIBS
signal and the particle volume fraction ¢pyr.

The above relation is validated by measuring the
two-dimensional resonance-enhanced atomic emissions at
480.54 nm with the laser intensity of 0.2 GW/cm? under
different particle volume fractions. In the nanoparticle-
laden flow, we can adjust the particle volume fraction
by changing the precursor loading rates and keeping the
flow condition unchanged. Figure 5(a) shows the sig-
nal intensity /psyigs versus the particle volume fraction
¢pyr, both of which are averaged in a region of r =
0~ 3 mm and z = 53 ~ 63 mm. Since the gas precur-
sor has fully converted into the nanoparticles in this
region, the averaged particle volume fraction can be calcu-
lated based on the precursor concentration. As predicted,
the RE PS-LIBS signal is proportional to the particle
volume fraction, which can be described by the cor-
relation /pgygs(arb. units) = 9.995¢pye(ppb). The two-
dimensional resonance-enhanced PS-LIBS image is also
directly compared with the simulated particle volume frac-
tion by solving a convection-diffusion-reaction equation
coupled with a population balance model of nanoparticles
in the laminar flow condition. Details about the simula-
tion are given in the Supplemental Material [23,32-34].
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(a) Dependence of the resonance-enhanced PS-LIBS signal intensities /ps 1 13s on the particle volume fraction ¢pyy (black cir-

cles) with the proportional correlation function (blue curve) and the 99% confidence bounds for prediction (nonsimultaneous functional
bounds); (b) comparison between the two-dimensional resonance-enhanced PS-LIBS snapshots and the simulated particle volume frac-
tion in the laminar flame condition with the precursor loading rate of 0.012 g/min. The origin of the axial position is defined at the

burner outlet as shown in Fig. 1(a).
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As shown in Fig. 5(b), the resonance-enhanced PS-LIBS
image demonstrates a rapid gas-to-particle conversion
across the flame sheet, which agrees well with the simu-
lated particle volume fraction. In the postflame region, the
signal remains uniform, indicating the conservation of par-
ticle volume fraction during the nanoparticle coagulation
process.

B. In situ two-dimensional diagnostic of nanoparticles

The resonance-enhanced PS-LIBS is further applied to
measure TiO, particle volume fraction in the turbulent
condition, in combination with the simultaneous OH PLIF
measurement. Figure 6(a) illustrates instantaneous two-
dimensional distributions of the particle volume fractions
and OH radicals at the different ranges of axial posi-
tions from 10 to 70 mm. Figure 6(b) shows the averaged
results from 100 snapshots. The turbulent reactive zone
can be divided into two regions based on the instanta-
neous OH PLIF, (1) a laminar region from the nozzle outlet
to the axial position of 25 mm where the wrinkled flame
is anchored at the burner outlet, and downstream (2) a
turbulent region with the turbulent diffusion flame brush.

In the laminar region, the TiO, nanoparticles concen-
trate inside the OH radical zone and form an annular layer.
This distribution indicates the generation of nanoparticles
near the flame-reaction surface. Since the OH radicals usu-
ally exist at the flame-reaction zone, the gas-to-particle
conversion of TiO, occurs earlier than the appearance
of OH radicals before the stoichiometric flame surface.
This phenomenon, observed also in the large-eddy sim-
ulation of TiO, nanoparticles by Sung et al [35], is

J

YUY [lpw (r,2) — Tove (7, z)] [IOH(r 48,248 — Ton(r + 6,2 + 62)]

caused by the fast hydrolysis reaction of the precursor
TTIP with H,O molecules and radicals generated near
the stoichiometric reaction surface. The nanoparticles are
mainly transported downstream by convection, rather than
diffusing across the reaction layer owing to the large Peclet
number.

In the turbulent region, the nanoparticle-concentrated
layer breaks into thin structures with a strong correlation
with the OH radical distribution. This feature is signifi-
cantly different from that in the laminar region. A similar
phenomenon has also been observed in the soot inception
of turbulent flames based on LII measurements [36,37].
This nanoparticle formation pattern is attributed to the
radical-driven feature of precursor reactions [32]. The
precursor reactions can thus be strongly affected by the tur-
bulent reactive flow, implying a strong coupling between
precursor chemistry and turbulence.

The nanoparticle formation and transport at different
flow conditions are also investigated to verify this view-
point. The increase in the co-flow rate leads to a higher
shear rate and thus larger turbulence intensity. As illus-
trated by the distribution of OH radicals in Fig. 7(a),
when the flow velocity exceeds 6.5 m/s, the laminar flow
region transits to turbulent regime due to the enhanced
Kelvin-Helmholtz instability [38]. Because of the changes
in the reactive flow structure, the wrinkled layers of TiO,
nanoparticles also transit from annular layers to distorted
turbulent structures. To understand the correlation between
nanoparticle pattern and the turbulent flow structure, we
calculate the cross-correlation function K between the
particle volume fraction and OH distributions, defined as

K((sr, 52) =

) &)

(Nz - |5z|_1)(Nr - |8r|_1)UPVFUOH

where Ipyr and Ioy are the snapshots of particle volume
fraction and OH radical with the axial length of N, and
radial length of »,, and §, and §, are the displacement
variables in the radial and axial directions, respectively.
The particle volume fraction and OH snapshots are sub-
tracted by their mean values (Ipyr and Iop, respectively)
and then normalized by the standard deviations opyr and
oou evaluated in the cross-correlation region (N, — [5,]) X
(N; —|8;]) in order to eliminate boundary effects. Thus,
the cross-correlation function K(dr,5z) ranges from —1
to 1, which cooresponds to anticorrelation and perfect
correction. Figure 7(b) shows averaged K(§,,5,) for 100
pairs of images at different co-flow velocities. In lami-
nar flame conditions, with the co-flow velocities of 2.6

(

and 4.3 m/s, the particle volume fractions and the OH
radicals are closely correlated at two layers with nonzero
displacements. This correlation indicates that the nanopar-
ticle formation and transport are controlled by the outer
reaction layer. As the co-flow velocity further increases,
the cross-correlation function maximizes at the zero dis-
placements, representing a spatial correlation between the
particle volume fractions and OH radicals.

Figure 8 depicts the correlation function with zero dis-
placements K (0, 0) at different co-flow velocities, i.e., the
cosine similarity of the particle volume fractions and the
OH radicals. By increasing the co-flow velocity, the par-
ticle volume fractions correlate more closely with the
OH radicals. When the co-flow velocity reaches 10 m/s,
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FIG. 6. Simultaneous resonance-enhanced PS-LIBS and PLIF measurements of particle volume fractions and OH at different axial
positions, (a) three snapshots, (b) averaged image. The signal-to-noise ratios are 239 for the resonance-enhanced PS-LIBS signal and
45 for OH PLIF (based on the maximum signal).
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FIG.7. Simultaneous two-dimensional resonance-enhanced PS-LIBS and PLIF measurements with different co-flow velocities while
keeping the central jet flow constant.
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FIG. 8. Correlation coefficients K(0,0) at different co-flow
velocities, where the scatters indicate the correlation factors of
100 snapshots and the blue curve indicates the average K (0, 0).

the correlation function reaches a saturation level. Under
this condition, the TiO, nanoparticle pattern is largely
dominated by the turbulent flame structure. As the co-flow
velocity increases, the characteristic turbulent time scale
(Ta0w) decreases significantly due to the enhanced Kelvin-
Helmbholtz instability at higher shear rates, whereas the
characteristic reaction time of TTIP precursor (Tchem) 1S
less influenced by the flow structure [32,39]. As the ratio
of Thow and Tpem increases, the precursor consumption is
gradually controlled by the turbulent reactive flow, con-
firming the closer correlation between the particle volume
fraction and OH radicals.

IV. CONCLUSION

In this work, we present a resonance-enhanced PS-LIBS
technique for instantaneous two-dimensional imaging of
nanoparticle formation and transport in turbulent reactive
flows. The resonance-enhanced PS-LIBS is characterized
to be a two-step process: (1) the direct absorption of 355-
nm laser pulses induces the ablation of TiO, nanoparticles
and the formation of nanoplasma; (2) the same laser pulse
further excites the metastable Ti atoms in the nanoplasma
inducing the resonance-enhanced atomic emissions. The
generated resonance-enhanced atomic emission, i.e., the
resonance-enhanced PS-LIBS signal, is 1 order of magni-
tude stronger than the nonresonant atomic emission, i.e.,
the PS-LIBS signal. The theoretical analysis suggests that
the resonance-enhanced PS-LIBS can allow for quantita-
tive in situ measurements of particle volume fractions with
phase selectivity. Then, the proportional relation between
the signal intensity and the particle volume fraction is
established and validated in the laminar flow condition. In

combination with the simultaneous OH PLIF measurement
in the turbulent reactive flow, the instantaneous imaging of
particle volume fraction based on resonance-enhanced PS-
LIBS reveals the nanoparticle formation patterns in both
laminar and turbulent regions. In the laminar region, the
nanoparticles form and concentrate at the inner layer of the
gas-reaction zone, indicating a fast precursor hydrolysis
reaction. In the turbulent region, the nanoparticles correlate
with the gas species of the turbulent reactive flow, indicat-
ing the precursor chemistry-turbulence coupling. At higher
co-flow velocities, the precursor consumption is gradu-
ally dominated by the turbulent reactive flow due to the
enhanced turbulence at higher shear rates.
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APPENDIX A: ONE-DIMENSIONAL SPECTRAL
DATA

Table I lists the center wavelength and FWHM of the
detected atomic and ionic spectral lines compared with the
NIST database.
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FIG. 9. Diffraction patterns and TEM pictures of flame-
synthesized TiO, nanoparticles in the laminar (a),(b) and turbu-
lent (c),(d) conditions.

044002-9



REN, ZHANG, and LI

PHYS. REV. APPLIED 13, 044002 (2020)

APPENDIX B: CHARACTERIZATION OF THE
SYNTHESIZED NANOPARTICLES

Figure 9 shows the diffraction patterns and TEM images
of the TiO; nanoparticles in both laminar and turbulent
conditions. The nanoparticles have the anatase crystalline,
as identified by the diffraction patterns as well as the dom-
inated (1 0 1) lattice plane of anatase in the TEM images.
Compared with other TiO, polymorphs, the anatase crys-
tal structure is favored for photocatalysts due to the low
bandgap [40]. By statistically counting 100 nanoparticles
from TEM images, the average particle size is measured
as 29.1 nm with the geometric standard deviation of
1.36 in the laminar condition, while the average size is
30.9 nm with the geometric standard deviation of 1.50 in
the turbulent condition.
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