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Abstract: A laminar diffusion flame was measured by X-ray Compton scattering. The temperature
distribution was measured from an analysis of Compton scattered X-ray intensity. The chemical state
distribution was obtained from a Compton scattered X-ray spectrum analysis (s-parameter analysis).
The analysis of intensity and s-parameter of Compton scattered X-ray spectra indicate that the
propane molecule emitted from the cylindrical Bunsen burner collapse immediately coincides with
soot generation. Furthermore, the temperature increases up to 1500 K and a large amount of CO, was
generated at the combustion field. Our results show that the Compton scattered X-ray analysis can be
a novel nondestructive measurement for temperature and chemical states in a combustion reaction.
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1. Introduction

Conventional fossil fuels still occupy more than 90% of global energy consumption
although there are many alternative methods to replace fossil fuels by renewable energy
such as solar power. The main drawback of the usage of fossil fuels is that the combustion
process emits pollutants such as soot [1]. People have paid more attention to air quality,
which has become one of the main factors for human health. Reduction in pollutant emis-
sion in fossil fuels combustion is urgently needed. Therefore, the study of the combustion
process is important.

Since combustion occurs due to complex interactions and heat, mass, and momentum
transfer, measurements of distributions for temperature and chemical states are a key con-
sequence for the elucidation of combustion phenomena. Nonintrusive measurements offer
important advantages to study combusting process since they do not insert a disturbance
that can influence flow characteristics and affect the temperature distribution [2].

Recently, we suggested a temperature measurement for a laminar premixed flame
by measuring a Compton scattered X-ray intensity, which can be a nonintrusive measure-
ment of the temperature distribution for combustion gas in a flame [3]. Furthermore, we
demonstrated a possibility to probe chemical states from an analysis of energy spectrum
of Compton scattered X-rays because the energy spectrum of Compton scattered X-rays
corresponds to an electron momentum distribution of a material, which reflects wavefunc-
tions (in other words, chemical states) in the momentum space [4]. Therefore, the Compton
scattered X-ray measurement can be a nondestructive measurement for temperature and
chemical states in a combustion reaction, which elucidates combustion phenomena for the
reduction pollutant emissions in fossil fuels combustion.

In this study we report a measurement of a laminar diffusion flame probed by Comp-
ton scattered X-rays. The distributions of temperature and chemical states are discussed
from a viewpoint of combustion reactions in the flame.
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2. Flame Measurement by Compton Scattered X-rays

A Compton-scattered X-ray spectrum provides an electron momentum distribution,
which is called Compton profile, /(p,), under the impulse approximation described as follows.
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Here, p (=(px, py, pz)) denotes the momentum of an electron in a target material. E;
and E; denote an incident and scattered X-ray energy with a scattering angle 8, respectively.
The electron mass and the velocity of light are denoted by m and c. Since the molecules are
oriented randomly in the space, we can regard p, = px = py. An electron momentum density
is denoted by n(p). ¥;(r) and x;(p) denote the wavefunction of the i-th electronic state in
real space and momentum space, respectively. Therefore, we can obtain information on
a wavefunction, in other words, measurements on the chemical states from a Compton
profile (electron momentum distribution) [4].

The intensity of Compton-scattered X-rays for monochromatic X-ray beams, dN, is
expressed by the following:
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where @\ denotes the incident photon flux into a target object, t; denotes the incident X-ray
transmittance to a probing volume in the object, t, denotes the scattered X-ray transmittance
from the probing volume to an X-ray detector, p, denotes the average electron density
over the probing volume dV, and doky /dQ2 denotes the Klein-Nishina differential cross
section [5]. In the case of light element gases, t; and f, can be regarded as constant values.
The intensity of Compton scattered X-rays, dN, corresponds to the electron density p.. A
ratio of a molecular density to an electron density, &, is defined by the following equation.

X = POm /Pe (6)

Here, p;, is a molecular density. Since the flame system can be regarded as the ideal
gas law [6], the temperature distribution is obtained from the electron density as described
as follows.

p
omT = ap. T = R @)

Here, p;, =n/V denotes the molecular density while T and R denotes the temperature
and the ideal gas constant, respectively. The ratio of the molecular density to the electron
density, «, is obtained by assuming a combustion reaction. Here, we regard « as a constant
value of a,; = 0.0693 within an error of 2% in the combustion reaction [3]. The ambient
pressure, P, is regarded as a constant. The ambient temperature of the air is 298 K. Therefore,
we can estimate the temperature distribution from the Equation (7).

3. Materials and Methods

The experiment was performed at the BLOSW beamline [7] in SPring-8. The linearly
polarized X-rays were obtained from an elliptical multipole wiggler [8]. The synchrotron
radiations were monochromatized and horizontally focused by an asymmetric Johann-type
Si monochromator with (620) reflecting planes [9] to deliver 115.56 keV X-ray beams, which
are the optimized energy on BLOSW. Figure 1a shows a picture of the experimental setup
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of the present experiment. The size of the incident X-rays was defined by the entrance
slit system to be 1 mm in height and 1 mm in width. An energy spectrum of Compton
scattered X-rays from a flame in a probing volume was detected by a Ge solid state detector
(Ge-SSD) with a collimating silt of 1 mm in height and 1 mm in width at a scattering angle
of 133.8 degrees. Therefore, the probing volume was about 1 mm?>. The intensity of incident
X-ray beams was monitored by an ion-chamber for data normalization. Compton scattered
X-rays were measured for 60 s with a 2 mm step in the x-axis and 5 mm step in the z-axis. A
Compton scattered X-ray spectrum was measured for 38 min. A cylindrical Bunsen burner
(inner diameter, d;, = 10 mm) was used to provide pure propane (99 wt.%, 60 mL/min).
The burner provided a laminar diffusion flame as shown in Figure 1b. The burner was
mounted on a movable stage and the intensity of Compton scattered X-rays from the
probing volume was measured by scanning with the X-ray beams along the vertical (z)
direction and horizontal (x) direction, which were on a plane perpendicular to the incident
X-ray beam direction.

Figure 1. (a) Photograph of experimental setup of the present experiment. (b) Photograph of the
present laminar diffusion flame.

4. Results and Discussions

Figure 1b shows the side-view photograph of the laminar diffusion flame as explained
previously. The flame shows an asymmetrical shape for the cylindrical axis of the burner.
This comes from a self-induced air flow by the asymmetrical setup of the experimental
system. The bright light emission of the flame corresponds to a thermal radiation of soot
particles with a high temperature.

Figure 2a shows a cross sectional map of Compton scattered X-ray intensities for
the flame shown in Figure 1b. The intensities are normalized to those of the air. The red
region shows strong X-ray intensities and the blue region shows weak intensities. The
line of x = —4 mm corresponds to the cylindrical axis of the burner. The relative intensity
shows an asymmetrical shape for the cylindrical axis of the burner, which reflects the
asymmetrical shape of the flame shown in Figure 1b.

Figure 2b shows Compton scattered X-ray spectra from positions of (x, z) = (—4 mm,
2.5 mm), (—4 mm, 15 mm), (—4 mm, 30 mm), (—4 mm, 50 mm), and (12 mm, 60 mm),
which are shown as dots in Figure 2a. The position of (x, z) = (12 mm, 60 mm) corresponds
to the ambient atmosphere of air. The position of (x, z) = (—4 mm, 2.5 mm) corresponds
to pure propane. The intensities remarkably decrease at z=15mm and 30mm compared to
that of air, which reflects a high temperature region of the flame. The Compton scattered
X-ray spectra can be converted into electron momentum distributions, J(p,), as shown
in Figure 2c. Since Compton profiles probe the wavefunctions in the momentum space
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as shown in Equations (1)-(3), shapes of Compton profiles reflect the chemical states as
explained previously.
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Figure 2. (a) Compton scattering X-ray intensity distribution of a laminar diffusion flame shown
in Figure 1b. The intensities are normalized those of air. (b) Compton scattered X-ray spectra at
z =2.5 mm, 15 mm, 30 mm, and 50 mm along x = —4 mm and air shown in (a). (c¢) Compton profiles
(electron momentum distributions) obtained from (b).

In order to highlight the change of the shape in the Compton profiles, we obtain a
difference of Compton profiles as described as follows.

Ji(pz) = I(pz)// J(pz)dp- ®)

A]I(pz) = ]Izmm(pz) - ]/air(pz) )

Here a Compton profile, J(p,), shown in Figure 2c is normalized into J'(p;), which
has a unit area as Equation (8). J” zum(p-) denotes a normalized Compton profile at z mm.
Jair(pz) denotes the normalized Compton profile of air.

Differences of Compton profiles, AJ(p;), in Equation (9) are shown in Figure 3. The
difference Compton profile between the propane and air (z = 2.5 mm) shows positive value
around p, = 0 au. This indicates that the Compton profile of the propane has a rather
acute shape than compared to air. The difference in Compton profiles at z = 15 mm and
30 mm show negative values around p, = 0 au, which indicates that the Compton profiles
at z =15 mm and 30 mm have rather obtuse shape than compared to air.

This situation can be understood from theoretical calculations of Compton profiles
relative to air, propane, H,O, and CO; by Crystall4 code [10], as shown in Figure 4, in
which the Kohn-Sham DFT Hamiltonian with the basis function of the STO-3G was used.
Here, molecular directions are spherically averaged. The calculated Compton profiles are
normalized to have a unit area. The Compton profiles of propane and CO; have rather
acute and obtuse shapes, respectively, than compared with air, which are consistent with
Figure 3. This indicates that the obtuse shapes of the Compton profiles at z = 15 mm and
30 mm are ascribed to the feature of the Compton profile for CO, molecules.
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Figure 3. The difference of Compton profiles AJ(pz) = I zmum(pPz) — I air(pz). Here, ] zmm(p;) denotes a
normalized Compton profile J'(p;) at z mm. ['5i.(p-) denotes the normalized Compton profile of air.
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Figure 4. Theoretical Compton profiles of propane, CO,, H,O, and air by crystal code, in which the
molecular axis is spherically averaged. The Compton profiles are normalized to have a unit area.

If we assume the system as an ideal gas [6], we can estimate the temperature of the
flame from Equation (7). Figure 5a shows the estimated temperature of the flame. Here the
air, shown as region ¢, is regarded to have the average temperature of 298 K. The estimated
temperature in region a is about 500 K, which includes z = 2.5 mm and is dominated by
propane molecules just prior to the combustion. The region b has the temperature of ap-
proximately 1000 K and corresponds to the transition area of the combustion reaction from
propane to CO, in which soot generation was reported [11,12]. The highest temperature
region (shown as the region c), which includes z = 15 mm and 30 mm, shows about 1500 K.
The region d, which includes z = 50 mm, corresponds to the mixing region of the high
temperature combustion gas and air and the temperature decreases as z increases. These
results indicate that the temperature distribution should have a relation to the distribution
of chemical states as discussed in Figure 3.

In order to obtain the distribution of the chemical state, we analyzed the shape of
the Compton profile by the s-parameter analysis [13,14]. The cross section of Compton
scattering is dominated by the electron density as shown in Equation (5). Therefore, it is
not easy to distinguish the elements from the Compton scattering intensities. However, an
electron momentum distribution is sensitive to the chemical states, including the element
composition. A shape analysis of the Compton scattered X-ray spectrum is useful. We
confirmed the linearity of the s-parameter against the Li concentration and succeeded in
obtaining in operando Li concentrations in a Li ion battery [13,14]. The s-parameter can
be sensitive to the chemical states of the combustion reaction. Therefore, we tried the
s-parameter analysis as the first step.



Crystals 2021, 11, 787

6 0f 8

Z(mm)

(=]
I
ol

Z(mm)

200
100
0

2000-

Temperature (K)

1.200
1.170
1.140
1.110
1.080
1.050
1.020
0990
0960
0930
0900
0870
0.840
0810

0780
0.750
0720
0690
0660
0630
0600

S-parameter

vertical distribution

1500

1500

radial distribution

i T T T(Ij L
y ° | © e CP
%OQT » o o cp |14 i o0 ore M
- & oe A s-para] —~ [ _o0o°° A s-para |
2 100" e 12 5 Z1000f° 12
g | e peak 1 k5 £ (I ° 12
E s ° (c) 1 g % L @ 1 g
< 7 b) [ ] ]
g [ a A ... o - §-< 2 1 (2 R 7
A / §
EOS00 a4t tellos ? 500+, ., 08
2 R | = L A oo ® 4
I soot peak 106 [ 1%¢
0() 20 40 60 0 0 5 10

z(mm) at x=—4 mm x(mm) at z=7.5 mm

Figure 5. (a) Temperature distribution of the laminar diffusion flame obtained from Figure 2a,b
s-parameter distribution of the laminar diffusion flame. (c) The temperature distributions along
z-axis at x = —4 mm in (a,b) measured by Compton scattering (CP) and a thermocouple (TC). The
s-parameters (s-para) are also shown. (d) The temperatures (CP and TC) and s-parameter (s-para)
distributions along to the radial direction (x-axis).

The s-parameter is defined as the follows.

St 4 T (pe)dp-
Su "7 T(p)dp: + [} J(p=)dp-

Here, Sy and Sy are the areas of a Compton profile, which correspond to the low-
momentum and high-momentum regions. The low and high momentum regions are
defined as Ip, |1 <dand d< | p, | <7, respectively. In this study, d = 1 atomic units (au)
and r = 5 au are used. The acute shape provides a higher s-parameter and the obtuse shape
provides a lower s-parameter. Figure 5b shows the s-parameter distribution of the flame.
The highest s-parameter values are observed in region 4, which corresponds to the acute
shape of the Compton profile for propane molecules, as discussed in Figure 3 (z = 2.5 mm).
The s-parameter becomes lower value in region b, which corresponds to the collapse of
propane molecules coinciding with the soot generation. The s-parameters are the lowest in
region c, which correspond to the obtuse shape of the Compton profile for CO,, as discussed
in Figure 3 (z = 15 mm and 30 mm). The s-parameter converges to the value of air in region
d. Figure 5c shows a comparison of measured temperatures between the present Compton
scattering and a thermocouple along the z direction at x = —4 mm (vertical distribution). The

(10)
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s-parameter distribution is also shown. The measured temperatures by Compton scattering
almost agree with those measured by the thermocouple. The tendency of the temperature
distributions in Figure 5c agrees with recent simulated temperature distributions in a
laminar diffusion flame [1,15]. The highest s-parameter values of 1.05 is observed at
z = 2.5 mm, which corresponds to propane molecules just before combustion around 500 K,
as shown in Figure 5a,b. The s-parameter value is about 0.85 and the temperature is about
1000 K at z = 12 mm, which corresponds to the collapse of propane molecules coinciding
with the soot generation maximum [12,13]. The lowest s-parameter value of 0.8 and the
highest temperature around 1500 K are observed at z = 18 mm, which indicates the amount
of CO; generation, as discussed before. Figure 5d shows a comparison of measured
temperatures between the present Compton scattering (z = 7.5 mm) and a thermocouple
(z = 6 mm) along the radial direction (x direction). The s-parameter distribution is also
shown. The measured temperatures almost agree between the Compton scattering and
the thermocouple. The tendency of the radial distributions on the temperature shown in
Figure 5d agrees with recent reports [15,16]. The maximum temperature about 1500 K is
observed around x = 0-2 mm with the lowest s-parameter values corresponding to the
amount of CO; generation. The flame front is observed around x = 5 mm, where the
s-parameter increases suddenly.

By comparing Figure 5a to Figure 5b, a combustion process can be comprehended.

Figure 6 shows a relation of temperature in Figure 5a and s-parameter in Figure 5b.
The propane molecules just prior to the combustion in region a (temperature 500 K) in-
duces combustion reactions and immediately collapses in region b, coinciding with soot
generation (temperature 1000 K). The temperature increases up to 1500 K and s-parameter
decreases in region c. The decrease in the s-parameter corresponds to the obtuse shape
of Compton profiles, which reflects a large amount of CO, generation. Afterwards, the
combustion gas mix with air in region d. The temperature decreases and s-parameter
converges relative to the value of the air (region e).

1.2 . . .
L A regiona |
1.1k regionb _|
L A regionc |
o O regiond
% 1r ° , ® regione |
g oof P L
& 0.8 TN R i
i ‘.8 0%t
0.7+ b > -
L Il L
0'60 1000 2000
Temperature(K)

Figure 6. Temperatures and s-parameters of the laminar diffusion flame shown in Figure 5a,b.
Propane molecules in region a collapses, which immediately coincides with soot generation in region
b. The temperature increases up to 1500K and s-parameter decreases in region c where the combustion
filed is dominated by CO, generation. Afterwards, the combustion gas mixes with air in region d.
The temperature decreases and s-parameter converges to the value of the air (region e).

5. Conclusions

A laminar diffusion flame was measured by X-ray Compton scattering. The temper-
ature distribution was measured from the analysis of Compton scattering intensity. The
chemical state distribution was obtained by s-parameter analysis. The propane molecule
emitted from the cylindrical Bunsen burner collapse immediately coincides with soot
generation at about 1000 K. The temperature increases up to 1500 K and large amounts of
CO; are generated at the combustion field. These results demonstrate that high-energy
X-ray Compton scattering can be employed as an in-situ technique to probe the inside
of a combustion reaction. This technique will open up to the further applications for the
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elucidation of the combustion reaction for different gases, such as CHs, NHj3, and Hj,
which reduces the emission of CO5.
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