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Abstract

Ammonia is a promising energy carrier for realizing a carbon-free society. In particular, solid particle
cloud—ammonia co-combustion is considered as an efficient and feasible method to reduce CO2 emissions
from the thermal power generation sector by using particle-fuel such as solid waste, biomass, and
pulverized coal particles in combustors. However, the fundamental turbulent flame propagation
mechanism of solid particle cloud—ammonia co-combustion remains unknow. Therefore, the present study
intends to investigate and validate the general turbulent flame propagation mechanism of solid particle
cloud—ammonia co-combustion. To achieve this aim, silica particle cloud—ammonia—oxygen—nitrogen
mixing combustion, silica particle cloud—acetylene—air mixing combustion, and PMMA particle cloud—
ammonia—oxygen—nitrogen co-combustion experiments were conducted. The results showed that the
turbulent flame propagation velocity of silica particle cloud—gas-fuel-oxidizer mixing combustion is
lower than that of pure gas-fuel-oxidizer combustion. However, the comparison of the turbulent flame
propagation velocity of PMMA particle cloud—ammonia co-combustion and that of pure ammonia
combustion, showed that whether the flame propagation of the co-combustion was higher than that of the
pure ammonia combustion was dependent on the equivalence ratio of the ammonia-oxidizer. Therefore,
the consistency of the results between the current study of PMMA particle cloud—ammonia co-combustion
and the previous study for coal particle cloud—ammonia co-combustion indicates the turbulent flame
propagation mechanism of solid particle cloud—ammonia co-combustion is dominated by the negative
effect of the heat sink by unburned particles and the local equivalence ratio increment effect in the preheat
zone of the flame front by the addition of the volatile matter, and that the positive effect of radiation from
soot particles has little effect on the turbulent flame propagation of co-combustion for small-scale flames.
Further, the influence of the heterogeneous combustion of char particles on the turbulent flame

propagation of solid particle cloud—ammonia co-combustion is minor because of its slow combustion



process. Based on the validated turbulent flame propagation mechanism of co-combustion, new numerical

simulation models for solid particle cloud—ammonia co-combustion can be developed in the future.
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1. Introduction

The reduction of carbon dioxide (CO2) emission is a critical issue for humankind to curb the impacts of
climate change. To achieve low CO2 emissions, the use of alternative carbon-free fuels in combustion
systems is crucial. Ammonia is a promising hydrogen energy carrier and carbon-free fuel [1]. It has a high
hydrogen density, can be synthesized from renewable energy sources and is easy to liquefy and store in
liquid form [2]. Recently, a new ammonia production method has been proposed to realize its use as a
renewable fuel [3]. Therefore, at present, ammonia combustion research has attracted much attention in
the combustion community [4-8]. However, approximately 30% of the world’s primary energy is
currently supplied by coal-fired power generation [9]. Moreover, major challenges remain to be overcome
for directly using ammonia as a fuel, such as its low combustion intensity. Although it is unlikely to
completely replace coal with other fuels, the use of ammonia in thermal power plants for co-combustion
is a feasible method to reduce CO2 emissions [9—14]. Decreasing CO2 and NO emissions in coal-fired
boilers could be realized by pulverized coal-ammonia—oxidizer co-combustion [9,11]. Besides, for high-
fuel-ratio coals, pulverized coal-ammonia—oxidizer co-combustion can enhance flame stability [14].
Therefore, pulverized coal particle cloud—ammonia co-combustion has immense potential and is one of
the most promising ways to step into a carbon-free society. Further, co-combustion can also enable power
generation from other solid particle clouds, such as solid wastes and biomass. Therefore, it is essential to

investigate the characteristics and mechanism of solid particle cloud—ammonia co-combustion.

Besides, two-phase hybrid mixtures of combustible solid particles and flammable gas can be found in
many industries such as mining (coal and methane), nuclear (graphite and hydrogen), pharmaceutical
(pharmaceutical dust and solvent vapor), textile manufacturing (fiber and fiber vapor), and general
manufacturing (organic dust and volatiles) [15]. Most of prior research on solid particle cloud—
combustible-gas—diluted-oxidizer hybrid mixture co-combustion was conducted to clarify the ignition and

explosion characteristics for the safety purpose in a laminar condition. Addai et al. [16] reported that the
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addition of a small amount of flammable gas results in the decrease of the minimum ignition energy of
dust. Jiang et al. [17] reported that the hybrid mixtures can be flammable when concentration of each fuel
is below its lean flammability limit. Further, two key pressure-related values, namely, the maximum
pressure and maximum pressure rise rate, have been studied by researchers to describe the explosion
severity of hybrid-mixture co-combustion. Denkevits et al. [18]studied the effect of the addition of
graphite dust to a flammable mixture of hydrogen. It was found that the maximum pressure of the hybrid
mixture is higher than that derived from pure hydrogen combustion and pure graphite combustion. Dufaud
et al. and Amyotte et al. [19-21] suggested that the deflagration index for hybrid mixture is higher than
those of the pure gas or pure solid particle cloud. Cloney et al. [15,22,23] studied the laminar combustion

regimes for hybrid mixtures.

Besides, the flame propagation velocity (or burning velocity) is a basic physical quantity for evaluating
the ignition and flame stabilization performance of fuel combustion [24]. In coal-fired boilers, it is used
to characterize the flame instability in the burner [25]. Moreover, for gas-fuel combustion, the burning
velocity is used to characterize many combustion phenomena as it contains much physicochemical
information [26]. Further, from a practical perspective, almost all combustions occur under a turbulent
environment. However, the turbulent flame propagation characteristics of the two-phase hybrid mixture
co-combustion was rarely studied because its complicated combustion process. Liu et al. [27] reported
that the flame propagation speed and maximum flame temperature of coal dust-methane co-combustion
are much higher than these of the single-coal dust flame in a laminar condition. A.S. Rangwala et al. [28—
30] reported the laminar and turbulent burning velocity of hybrid (gas and dust) premixed flames by using
a Bunsen burner type hybrid flame analyzer. Moreover, our research group developed a unique turbulence
combustion apparatus for solid particle clouds combustion [31]. The near-homogeneous turbulence and
uniform dispersion can be obtained using this combustion apparatus. Further, by using this apparatus, we

discovered that, in pulverized coal-ammonia—oxygen—nitrogen co-combustion [13,14], in an ammonia-



lean case, the turbulent flame propagation velocity of co-combustion was greater than that of pure
ammonia combustion. Conversely, in an ammonia-rich case, it was lower than that of pure ammonia
combustion. Therefore, we explained that this phenomenon occurs based on three competing effects—the
negative effect of the heat sink by unburned particles, the positive effect of radiation from soot particles
in the luminous flame, and the local equivalence ratio increment effect in the preheat zone caused by the
addition of the volatile matter released from the particles [13,14]. In an ammonia-lean case, the positive
effects, which are the radiation effect from soot particles in the luminous flame and the local equivalence
ratio increment effect in the preheat zone caused by the addition of volatile matter, are larger than the
negative effect, which is heat absorption by unburned coal particles in the preheat zone. In an ammonia-
rich condition, the effect of an increment of the local equivalence ratio caused by the addition of volatile
matter turns into a negative effect because the addition of the fuel amount in fuel-rich cases decreases the
flame temperature. Consequently, the negative effects are greater than the positive effect in an ammonia-
rich condition, resulting in a lower flame propagation velocity of pulverized coal-ammonia co-
combustion. However, this turbulent flame propagation mechanism was obtained using a polydispersed
pulverized coal particle cloud, and it has not been verified for solid particle cloud—ammonia co-

combustion systems.

As proposed by Xia et al. [13] and Hadi et al. [14], in the turbulent combustion of the pulverized coal
particle cloud—ammonia—oxygen—nitrogen hybrid mixture, the heat sink effect of unburned coal particles
in the preheat zone of the flame front negatively affects the turbulent flame propagation of co-combustion.
However, after the reactive coal particle is heated to an elevated temperature, it releases volatile matter to
induce the local equivalence ratio increment effect in the preheat zone of the flame front. Therefore, it is
difficult to investigate the heat sink effect of unburned particles on the turbulent flame propagation of co-
combustion using reactive particles. Instead, in a laminar condition, the inert particles such as silica

particles and alumina have been suggested to decrease the flame temperature and the flame propagation



speed [32-37]. Moreover, S. Ranganathan et al. [30] reported that the effect of sand particles on the
turbulent burning velocity of premixed methane—air flames under the particle concentration being lower
than 0.1 kg/m® by using a bunsen burner type of hybrid flame analyzer. However, the effect of inert
particles on the spherical turbulent flame propagation of premixed ammonia flames has not been reported

to date.

Besides, as suggested by Hashimoto et al. and Hayashi et al. [38—40], soot formation in the turbulent
combustion of pulverized coal affects coal particle devolatilization characteristics. Further, in pulverized
coal particle cloud—ammonia co-combustion, Xia et al. [13] suggested that soot particles in the luminous
flame have a radiation-positive effect to promote coal particles to release volatile matter. However, this
effect has not been validated. Therefore, for the application of the co-combustion method in combustors,
it is essential to validate effect of soot particles on the turbulent flame propagation mechanism of co-

combustion.

Moreover, in pulverized coal particle cloud—ammonia co-combustion, coal particles follow the
sequential process of heat-up, volatile matter release and combustion, soot formation, and char particle
combustion. The proposed co-combustion turbulent flame propagation mechanism involves the effects of
the heat sink from unburned particles in the preheat zone, the volatile matter released from the particles,
and soot particles. However, the proposed mechanism has not considered the effect of the combustion of
char particles. In pure solid particle cloud combustion, we clarified that the heterogeneous combustion of
char particles has little effect on turbulent flame propagation because of its slow combustion process [41].
However, whether the heterogeneous combustion of char particles still plays a minor role in the turbulent
flame propagation of solid particle cloud—ammonia co-combustion requires further clarification. Even
though char combustion is an essential combustion process for solid particle cloud combustion in real
burners, the effect of char particle reaction on the turbulent flame propagation of solid particle cloud—

ammonia co-combustion has not been reported to date.
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Therefore, in this study, first, the silica particle cloud—ammonia—oxygen—nitrogen mixing combustion
experiments were conducted to validate the negative effect of the heat sink by unburned particles on the
turbulent flame propagation of solid particle cloud—ammonia co-combustion. By using silica particle
cloud, the heat sink effect from unburned particle on co-combustion can be separately analyzed by silica
particle cloud—ammonia mixing combustion. Notably, in the present research, the definition of mixing
combustion is different from that of co-combustion. Mixing combustion is the combustion by mixing
nonreactive particles with a gas fuel-oxidizer mixture. However, co-combustion is the combustion of a
hybrid mixture of gas and solid particle fuels. Second, silica particle cloud—acetylene—air mixing
combustion experiments were conducted to identify the positive effect of radiation from soot particles in
the luminous flame on the turbulent flame propagation of solid particle cloud—ammonia co-combustion.
In acetylene-rich conditions, large-density soot particles are formed in the flame propagation process.
Assuming that the negative heat sink effect of nonreactive particles is validated, under the condition of
the mixing combustion of acetylene—air with silica particles, if the turbulent flame propagation velocity
of mixing combustion is larger than that of pure acetylene—air combustion, the radiation has a considerable
effect on the turbulent flame propagation mechanism of co-combustion. Conversely, if it is lower than
that of pure acetylene—air combustion, the radiation plays a minor role in the turbulent flame propagation
mechanism of co-combustion. Third, different material particles have different combustion characteristics.
To investigate the effect of the heterogeneous reaction of char particles on solid particle cloud—ammonia
co-combustion and the general mechanism of solid particle cloud—ammonia co-commbustion,
polymethylmethacrylate (PMMA) particle cloud—ammonia co-combustion experiments were conducted
under various ammonia equivalence ratios and turbulence intensities. PMMA solid particles can be
decomposed to methyl methacrylate (MMA) at elevated temperature [42]; i.e., i) no heterogeneous
combustion mode exists, such as char particle combustion; ii) the particle size distribution can be easily

controlled and measured [43]. Finally, through above experiments, the turbulent flame propagation



mechanism of solid particle cloud—ammonia co-combustion was clarified in this research, which leads to

the development of new co-combustion numerical simulation models.

2. Experimental setup and methods

2.1. Experimental apparatus
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Fig. 1 Schematic of the experimental system.

The experimental setup is depicted in Fig. 1. Experiments were conducted using a constant-volume
combustion chamber with an inside diameter of 200 mm and a height of 280 mm. The total volume of the
chamber was 6.19 x 10 > m>. Four 50-mm-diameter optical quartz glass windows were mounted opposite
to each other in the chamber for the observation of the combustion phenomenon. These optical windows
were installed opposite to each other. A capacitor discharge ignition (CDI) circuit system with an ignition

energy of 5.5 J was adapted to ignite the mixture. To facilitate the observation of the combustion,



electrodes were mounted at a 45° angle with respect to the interrogation path. A detailed description of
the experimental setup is provided in our previous studies [2,6,31].

Turbulence was generated by two identical counter-rotation seven-bladed fans mounted vertically and
symmetrically at the top and bottom of the chamber. Each fan, which was rotated by directly coupled
electric motors (Maxon Motor, RE50) with separate speed controllers (Maxon Motor, ESCON 50/5), can

be precisely adjustable between 0 and 15000 rpm. The fan rotation speed error was within +1 rpm.

Turbulence characteristics were measured by particle image velocimetry (PIV) (explained in the
Appendix—PIV measurement [6,31]). As a result of PIV measurements, we found that, within the central
region of the vessel, the turbulence was isotropic, and there was almost no regular bulk motion [6].

Turbulence intensity, «, which was proportional to the fan speed, /f,» was found to be represented by Eq.

(D:

u'=0.00129f, (1)

where f is the fan rotation speed in rpm. The turbulence integral length scale, Ly, determined by two-point
correlation, is 20.9 mm regardless of the turbulence intensity.

Two types of photography were used to capture turbulent flame propagation behaviors: schlieren
photography and direct imaging. The detailed setting of the two photographic techniques can be seen in
Fig. A in Appendix. Schlieren photography, which can capture the position of the high-density gradient
caused by the rapid change in gas temperature, detects the preheat zone front of the flame front. Schlieren
photography was taken by a high-speed camera (Phantom, v1212) with an LED light source (Hayashi-
repic co., Itd., LA-HDF5010C). A pinhole was fixed in front of the light source to form the spotlight effect.
Moreover, direct imaging was used to capture the luminous flame. The luminous flame indicates the

presence of a high density of soot particles at high temperatures. These two types of photography were
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explained in detail in our previous studies [6,31]. The frame rates for two high-speed cameras were set as
2500-3500 fps. The resolution setting for cameras was 512 x 512. Notably, the direct images used as a
reference for the combustion phenomenon were not analyzed to obtain the flame propagation velocity
because it was hard to define the border of the luminous flame front in PMMA particle cloud—ammonia
co-combustion because of the weak intensity of soot particles in the flame propagation process.
Furthermore, the turbulent flame propagation velocity was obtained by analyzing the schlieren

photography images.

2.2. Experimental conditions

In PMMA particle cloud—ammonia—oxygen—nitrogen co-combustion, the combustion of ammonia and
PMMA particles simultaneously occur in the chamber. In this study, the thermal heat input from co-
combustion was kept the same as that from the pure PMMA particle cloud combustion under a certain
PMMA particle concentration by theoretically subtracting a portion of the PMMA particles’ thermal heat
input by ammonia combustion. The total thermal heat input was calculated from the pure PMMA particle
cloud combustion under a PMMA particle concentration of 0.6 kg/m? [13,14]. Table 1 shows the PMMA
particles needed (by weight) in the co-combustion field by changing the ammonia equivalence ratio from
0 to 1.6. Additionally, the used spherical PMMA particles with a size of 30 um had a narrow particle size
distribution, which can be treated as quasi-monodispersed particles (The micrograph and size distribution

data for the PMMA particles can be seen in Fig. B, Table A, and Fig. C in Appendix) [41].
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Table 1
PMMA particles needed in the co-combustion field (By mass)

PMMA particles needed in the co-combustion field to
maintain the total heat input identical to 0.6 kg/m? of
PMMA particle concentration [g]

Ammonia equivalence ratio in the co-
combustion filed (¢Ammom‘a)

0 3.7140 (0.60)
0.2 3.3688 (0.54)
0.4 3.0843 (0.50)
0.6 2.8458 (0.46)
0.8 2.6429 (0.43)
1.0 2.4683 (0.40)
1.2 2.3163 (0.37)
1.4 2.1830 (0.35)
1.6 2.0650 (0.33)

() — Indicate the actual PMMA particle concentration in the co-combustion field, kg/m?

Further, to investigate the effect of radiation from the soot particles in the luminous flame on the
turbulent flame propagation of co-combustion and simultaneously eliminate the local equivalence ratio
increment effect induced by reactive particles, silica particle cloud—acetylene—air mixing combustion and
the pure acetylene—air combustion experiments were conducted. The mass of silica particles used in silica

particle cloud—acetylene—air mixing combustion was set to 3.714 g (which was equivalent to 0.6 kg/m?).

In silica particle cloud—ammonia—oxygen—nitrogen mixing combustion experiments, to compare with
PMMA particle cloud—ammonia—oxygen—nitrogen co-combustion, silica particles with the same mass as
that of the PMMA particles were used under the same ammonia equivalence ratio. Notably, silica particles
were polydisperse with an average particles size of 46.08 pm. The size distribution of silica particles was
measured by Microtrac MT3000 particle size analyzer. The size distribution of silica particles can be seen
in Table C, Fig. D, and Table D in Appendix.

For comparison with the previous study on pulverized coal-ammonia co-combustion [13,14], the same
diluted oxidizer gas mixture, composed of 40 vol.% Oz and 60 vol.% N2, was used for PMMA particle
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cloud—ammonia co-combustion and silica particle cloud—ammonia mixing combustion.

2.3. Experimental procedures

The same experimental procedure with the pulverized coal particle cloud—ammonia—oxygen—nitrogen
co-combustion [13] was used for present co-combustion and mixing combustion experiments. First,
particles were equally filled into four filter cups connected to the inlets. Then, the combustion chamber
and the dispersion tank were evacuated to 0 kPa by a vacuum pump. Subsequently, the dispersion tank
was filled with a mixture of fuel gas, oxygen, and nitrogen. The ratios of the gases in the mixture were set
based on the equivalence ratio of the fuel gas—oxidizer mixture. Similarly, the gas mixture with the same
composition was supplied into the chamber. However, the gas mixture in the chamber was set to 75 kPa
to ignite mixtures at 101 kPa (atmospheric pressure) after dispersion (The schematic of the dispersion
system can be seen Fig. E in Appendix). The dispersion gas swept particles into the center of the spherical
chamber within 0.7 s. Thereafter, 0.3 s after the dispersion ended, the mixture was ignited at atmospheric
pressure [13,14,41]. The fans started to rotate for 5 min before dispersion to give the desired turbulence
intensity. The initial temperature of the mixture for all experiments was set at 297 = 3 K. The mass of
particles remaining in the filter cups and tubes after the dispersion was measured to confirm the mass of
particles dispersed into the chamber. After each experiment, the chamber was opened by detaching the lid,
and the inner chamber was cleaned [31]. The maximum errors of the ammonia concentration, the acetylene
concentration, the oxygen concentration, the pressure inside the chamber, and the PMMA/silica particle
concentration were 1%, 0.5%, 1.5%, 5%, and 3%, respectively. At least three experiments were repeated

for each condition to confirm the repeatability.

2.4. Particle—turbulence interactions in a homogeneous turbulence flow field
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In this research, particles are dispersed into a homogeneous turbulence flow field. On the one hand, the
turbulence characteristics maybe affected by the solid particles. Second, the particle motion is influenced
by the turbulence [41].

For the turbulence modulation by particles, as illustrated by Gore and Crowe [44], the turbulence
intensity of fluid might be increased by particles when the particle diameter is larger than 0.1Ls. This
criterion is widely accepted for evaluating the turbulence modulation by particles [45,46]. Therefore, for
present research, the turbulence intensity might be decreased a little by the particles’ interaction because
the diameter of the PMMA particle used for this work is much smaller than 0.1, However, there is
currently no general model that can qualitatively predict the turbulence in the particle-laden flow [41,47].

Further, for clarification of the particle motion caused by the turbulence eddies, we previously [41]
calculated the Stokes number (S7), which is a very important dimensionless parameter in fluid—particle
flow and can be calculated by the ratio of the particle response time to the characteristic timescale of the
turbulent flow [46]. The St associated with the 30 pm PMMA particle can be seen in Table E in Appendix.
The results showed that the particles are well following the largest scale eddies and Taylor scale eddies.
However, the particles are not well following the smallest scale eddies. However, the quantitative
discussion with the particle motion in the near-homogeneous turbulence flow field is still an open question
to be discussed in fluid mechanics and combustion field [47]. It is expected that the numerical simulation
tool can be used for the further clarification of the particle motion in the homogeneous turbulence flow in

the flame propagation process.

3. Flame observation and data analysis
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Fig. 2 Schlieren image processing procedure.

Figure 2 shows the schlieren image processing procedure. First, the 16-bit image was processed by
gray-levels from 0 = black (flame) to 255 = white (background) through applying a threshold value. Then,
the processed image was transferred to the binary image in which the flame was white, and the background
was black. The threshold value of the detected light intensity was selected based on visual inspection for
determining the flame edge. The effect of changing the threshold value on the deviations of the flame
radius and velocity was within 2% [13, 41]. Subsequently, flame radii were measured by counting the
farthest point of the flame tips. The video files of schlieren photography obtained in PMMA particle
cloud—ammonia co-combustion are provided in Supplementary Materials (Video 1: u"= 0.32 m/s, Video

2:u'=0.65m/s, Video 3: u'=0.97 m/s, Video 4: u'=1.29 m/s. @ammonia was 0.4 for all videos).

0.025 +—=— Under u'= 0 m/s 5= Under #'= 0 m/s
—e— Under ' = 0.32 m/s P —e— Under »'= 0.32 m/s,
—— Under u' = 0.65 m/s E —a— Under ' = 0.65 m/s
0.020 4 —v— Under ' =0.97 n/s =44 —v— Under u'=0.97 m/s
E —&— Under u'=1.29 m/s ? —— Under #'= 1.29 m/s
£ | == Under
= S
3 0.0154 23
8 g WM
% 0.010- 5y] T
& ) aonpeANRALEEH
0.005 a
21
= r=0.01045 m
0.000 : : : . . 2 g
0.000 0.002 0.004 0.006 0.008 0.010 0 , , , -
, 0.008 0012 0.016 0.020 0.024
Time [s] Flame radius [m]
(a) Flame radius histories measured by (b) Flame propagation velocity as a function of
schlieren photography flame radius

Fig. 3 PMMA particle cloud—ammonia—oxygen—nitrogen co-combustion turbulent flame propagation
under the condition of @4mmonia = 0.4.
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Figure 3(a) shows the histories of turbulent flame radius in quasi-monodispersed PMMA particle cloud—
ammonia—oxygen—nitrogen co-combustion under various turbulence intensities. We previously
determined the ignition-affected radius for the flame propagation using the ammonia—diluted oxygen (40%
02, 60% N2) mixture [2]. The results showed that the flame radius affected by the ignition energy was
within 0.008 m [2]. Therefore, to eliminate the ignition-affected radius, only the flame radii data from
0.008 m to the flame front touching the window edge were used for calculating the flame propagation
speed [2,13]. A polynomial relationship for the measured flame radius as a function of time was applied
to obtain the turbulent flame propagation velocity. Two reasons were considered to apply polynomial
relationship to the flame radius as a function of time. First, the fitted curve based on the polynomial
relationship has a good satisfactory with the flame trajectory obtained by the experiment. Overall, the
coefficient of determination (R-squared values) is larger than 99.5 %. Second, by applying the polynomial
relationship to the flame trajectory, the turbulent flame propagation velocity can be precisely obtained by
derivation with this relationship. Fig. 3(b) shows the turbulent flame propagation velocity in terms of
flame radius in co-combustion. The turbulent flame propagation velocity increased with the increase in
the flame radius, which was the same as that identified in our previous studies involving the turbulent

combustion of pure particle clouds and pulverized coal particle cloud—ammonia—oxygen—nitrogen co-

combustion [13,14,41]. The turbulent flame propagation velocity at a flame radius of 0.01045 m (L’/z)

was chosen for comparison. This methodology has been widely used in many solid particle and gas fuels
combustion studies [2,13,14,31,48]. The flame radius of 0.01045 m was chosen because it is equivalent
to the flame diameter of 0.0209 m, which is the same length as the longitudinal length scale, L. The

longitudinal length scale was used to characterize the largest-scale eddies of the turbulence flow field.

4. Results and discussion
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4.1. Negative effect of the heat sink by unburned particles on solid particle cloud—ammonia co-

combustion

(a) Pure ammonia—oxygen—nitrogen flame under (b) Silica particle cloud—ammonia mixing
#p=14and u’=0.65m/s combustion flame under ¢ = 1.4 and u’ = 0.65 m/s

Fig. 4 Direct imaging flames at the same elapsed time after ignition (0.0110 s after ignition) under
pure ammonia combustion and silica particle cloud—ammonia mixing combustion.

Figure 4 shows that the direct imaging flames for pure ammonia—oxygen—nitrogen combustion and
silica particle cloud—ammonia—oxygen—nitrogen mixing combustion under the same elapsed time after
ignition. The video files of direct imaging are available in Supplementary Materials (Video 5: pure
ammonia—oxygen—nitrogen combustion, Video 6: silica particle cloud—ammonia—oxygen—nitrogen
mixing combustion.). As pointed out by Hayakawa et al. [4], the flame observed in pure ammonia
combustion is caused by the NH2 ammonia a band spectra and the superheated H2O vapor spectra. NH2
increases as the equivalence ratio increases. As shown in Fig. 4, under the same elapsed time, the flame
radius obtained in silica particle cloud—ammonia—nitrogen mixing combustion is lower than that in pure
ammonia—oxygen—nitrogen combustion. This is considered to be caused by the particles’ heat sink effect.
Further, light spots can be seen in the flame, as shown in Fig. 4(b). In the flame, the flame temperature is
high. After the silica particles were preheated to a high temperature, they were visible as bright spots.

However, the radiation from the hot silica particles has little effect on the turbulent flame propagation.
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This is because, overall, the flame propagation velocity of ammonia combustion is decreased by the

addition of silica particles.

Turbulentce intensity ~ Mixing combustion ~ Pure ammonia combustion
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u'=0.65m/s B e
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w
1

Flame propagation velocity [m/s]

0+ T T T T T T
04 06 08 10 12 14 16

¢
Fig. 5 Turbulent flame propagation velocity in silica particle cloud—ammonia—oxygen—nitrogen
mixing combustion and pure ammonia—oxygen—nitrogen combustion under various ammonia
equivalence ratios and turbulence intensities.

Figure 5 shows the turbulent flame propagation velocity of silica particle cloud—ammonia—oxygen—
nitrogen mixing combustion as a function of ammonia equivalence ratio under various turbulence
intensities, which was obtained by schlieren photography. Notably, the turbulent flame propagation
velocity of pure ammonia—oxygen—nitrogen combustion in terms of ¢ under various turbulence intensities
was also plotted in Fig. 5 [2,13].

To examine the silica particles’ effect on pure ammonia—oxygen—nitrogen combustion, R was calculated
by Eq. (2):

Smix— S,
R — OMix A’
Sy

2)

where Swmix represents the turbulent flame propagation velocity in the mixing combustion, which is shown

in Fig. 5 by the solid line. S4 represents the turbulent flame propagation velocity of pure ammonia—
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oxygen—nitrogen combustion under the turbulence intensity and ammonia equivalence ratio same as those

of the mixing combustion. The relation between S4 and ¢ is shown in Fig. 5 by the dotted line [13].
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Fig. 6 R as a function of ¢ in silica particle cloud—ammonia—oxygen—nitrogen mixing combustion.

As shown in Fig. 6, all values of R are lower than 0, indicating that turbulent flame propagation velocity
of silica particle cloud-ammonia—oxygen—nitrogen mixing combustion is lower than that of pure
ammonia—oxygen—nitrogen combustion under the same ammonia equivalence ratio and turbulence
intensity. Therefore, in silica particle cloud—-ammonia—oxygen—nitrogen mixing combustion, the silica
particles absorb heat from the flame. Consequently, the flame temperature is decreased, and the flame

speed is lower than that of pure ammonia—oxygen—nitrogen combustion.

In the solid particle cloud—ammonia—oxygen—nitrogen co-combustion, on the one hand, the unburned
reactive particles in the preheat zone of the flame front will absorb heat from the flame because the heat
transfers between the high-temperature flame and the lower-temperature unburned particles to induce the
thermal heat sink effect (sensible heat). On the other hand, the heat required for the devolatilization of the
reactive particles is absorbed by the particles to release the volatile matter. Finally, in solid particle cloud—
ammonia—oxygen—nitrogen co-combustion, the unburned particles in the preheat zone of the flame front

induce the negative heat sink effect on the turbulent flame propagation of co-combustion.
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4.2. Effect of radiation from soot particles in the luminous flame on the turbulent flame propagation

of solid particle cloud—ammonia co-combustion

(a) Acetylene—air flame under ¢ = 3.0 and u’ = (b) Silica particle cloud—acetylene—air flame
0.65 m/s under ¢ = 3.0 and #’ = 0.65 m/s

Fig. 7 Direct imaging flames at the same elapsed time (0.0053 s after ignition) for pure acetylene—air
combustion and silica particle cloud—acetylene—air mixing combustion under ¢ = 3.0 and u’ = 0.65
m/s

The silica particle cloud—acetylene—air mixing combustion experiments were conducted under various
acetylene equivalence ratios at the same turbulence intensity (0.65 m/s). Fig. 7 shows the flames for pure
acetylene—air combustion and silica particle cloud—acetylene—air mixing combustion obtained by direct
imaging under the same elapsed time. The video files of direct imaging results are available in
Supplementary Materials (Video 7: pure acetylene—air combustion, Video 8: silica particle cloud—
acetylene—air mixing combustion.). As shown in Fig. 7(a), owing to the high-density soot particles formed
during flame propagation, the luminous flame occurs in acetylene-rich combustion. Notably, the direct
imaging flames shown in Figs. 4 and 7 were taken by the same camera setting. Comparing Fig. 7(a) and
Fig. 4(a), we found that the light intensity from acetylene—air combustion was much stronger than that
from pure ammonia combustion. Therefore, in acetylene—air combustion at a fuel-rich condition, high-

density soot particles formed during flame propagation inducing the radiation effect. Besides, comparing
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Fig. 7(a) and Fig. 7(b), we found that the light intensity in silica particle cloud—acetylene—air combustion
was weaker than that in pure acetylene—air combustion. Further, the flame radius in silica particle cloud—

acetylene—air combustion was smaller than that in pure acetylene—air combustion.
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(a) Turbulent flame propagation velocity as a
function of acetylene equivalence ratio in silica
particle cloud—acetylene—air mixing combustion

and pure acetylene—air combustion

(b) R in silica particle cloud—acetylene—air mixing
combustion and silica particle cloud—ammonia—
oxygen—nitrogen mixing combustion

Fig. 8 Turbulent flame propagation in silica particle cloud—acetylene—air mixing combustion and silica
particle cloud—ammonia—oxygen—nitrogen mixing combustion.

Figure 8(a) shows the turbulent flame propagation velocity of silica particle cloud—acetylene—air mixing
combustion and pure acetylene—air combustion as a function of acetylene equivalence ratio under a
turbulence intensity of 0.65 m/s, which was obtained by schlieren photography. R, which was calculated
by Eq. (2), was used to examine the impact of silica particle addition to acetylene—air combustion. Fig.
8(b) shows R as a function of the acetylene equivalence ratio. For comparison with silica particle cloud—
ammonia—oxygen—nitrogen mixing combustion, the data obtained in Section 4.1. were also plotted in Figs.
8(a) and (b).

As shown in Figs. 8(a) and (b), in both silica particle cloud—ammonia—oxygen—nitrogen mixing

combustion and silica particle cloud—acetylene—air mixing combustion, the turbulent flame propagation
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velocity of the mixing combustion is lower than that of the pure gas combustion. Even though the
acetylene—air flame forms high-density soot particles during flame propagation under acetylene-rich cases,
the turbulent flame propagation velocity in silica particle cloud—acetylene—air mixing combustion is lower
than that of pure acetylene—air combustion. Therefore, in silica particle cloud—acetylene—air mixing
combustion, the effect of radiation from high-density soot particles cannot overcome the negative heat
sink effect from the silica particles. Consequently, the turbulent flame propagation velocity is decreased
by the addition of silica particles in acetylene—air combustion. Therefore, in solid particle cloud—ammonia
co-combustion, the radiation heat transfer from the soot particles in the luminous flame to the solid
particles in the preheat zones does not significantly affect on the turbulent flame propagation of the co-
combustion.

This phenomenon is considered to be caused by the thin thickness of the flame in the study. As suggested
by Hashimoto et al. [49], for the small-scale burners, the flame thickness is thinner than the large-scale
burner. Furthermore, particles in a large-scale burner tend to easily obtain heat by radiation heat transfer
from the large thick flame compared to that in the small test burner. Therefore, in the present study, it is
concluded that the radiation plays a minor role to enhance the co-combustion turbulent flame propagation
velocity for the small-scale flame. Further, it is expected that, for the large-scale flame, the radiation from

high-density soot particles may strongly affect the turbulent flame propagation.

4.3. Turbulent flame propagation characteristics and mechanism of solid particle cloud—ammonia

co-combustion
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Fig. 9 Turbulent flame propagation velocities of PMMA particle cloud—ammonia—oxygen—nitrogen
co-combustion and pure ammonia—oxygen—nitrogen combustion

Figure 9(a) shows the turbulent flame propagation velocities of PMMA particle cloud—ammonia—
oxygen—nitrogen co-combustion in terms of @4mmonia Under various turbulence intensities. As shown in Fig.
9(a), the turbulent flame propagation velocity increases with the increase in the turbulence intensity. As
clarified in our previous studies [13,14], this phenomenon is caused by the enhanced turbulent heat and
mass transfer in the particle cloud—ammonia—oxidizer mixture and the increased total surface area of the
wrinkled flame front with the increased turbulence intensity. Moreover, the turbulent flame propagation
velocity first increased and then decreased with the increase in @ammonia from 0 to 1.6. This tendency was
also observed in pulverized coal particle cloud—ammonia—oxygen—nitrogen co-combustion [13].

Rp was used to characterize the impact of the PMMA particle addition on the turbulent flame

propagation velocity of ammonia—oxygen—nitrogen combustion, which was calculated by Eq. (3):

Sco- S
Rp = 20 3)
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where Sco represents the turbulent flame propagation velocity in PMMA particle cloud—ammonia—
oxygen—nitrogen co-combustion, which is shown in Fig. 9(a). S4 represents the turbulent flame
propagation velocity of pure ammonia—oxygen—nitrogen combustion, which is under the same turbulence
intensity and ammonia equivalence ratio as those used for the co-combustion. The relation between S4

and ¢ is shown in Fig. 9(b).
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Fig. 10 Impact of particle cloud on pure ammonia combustion with various solid particles.

Figure 10(a) shows Rp as a function of @ammonia in PMMA particle cloud—ammonia—oxygen—nitrogen
co-combustion under various turbulence intensities. Rp decreases with the increase in @ammonia. In
ammonia-lean cases, Rpis larger than 0, indicating that the turbulent flame propagation velocity of the co-
combustion is larger than that of pure ammonia—oxygen—nitrogen combustion. However, in ammonia-rich
cases, the turbulent flame propagation velocity of the co-combustion is lower than that of pure ammonia—
oxygen—nitrogen combustion. Fig. 10(b) shows Rr as a function of ¢4mmonia in pulverized coal particle
cloud—ammonia—oxygen—nitrogen co-combustion, which was obtained from our previous research [13].
Rr indicted the effect of pulverized coal particle cloud on the turbulent flame propagation velocity of
ammonia—oxygen—nitrogen combustion. As shown in Fig. 10 (b), the same phenomenon is observed in

our previous study involving pulverized coal particle cloud—ammonia—oxygen—nitrogen co-combustion.
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Fig. 11 Turbulent flame structure of PMMA particle cloud—ammonia—oxygen—nitrogen co-
combustion.

Therefore, in the ammonia-lean case, the propagation velocity of co-combustion is larger than that of
the pure ammonia combustion, while it is lower than that of pure ammonia combustion in the ammonia-
rich case. Based on the consistent result between the present study and the previous study involving
pulverized coal particle cloud—ammonia—oxygen—nitrogen co-combustion [13], the turbulent flame
propagation mechanism of PMMA particle cloud—ammonia—oxygen—nitrogen co-combustion, which is
shown in Fig. 11, was clarified. The turbulent flame of PMMA particle cloud—ammonia—oxygen—nitrogen
co-combustion can be divided into three zones based on the flame propagation direction, including the
post-combustion zone, the preheat zone, and the unburned mixture zone. Reactive particles have two
major factors on pure ammonia combustion, including the negative effect of the heat sink by the unburned
particles in the preheat zone and the local equivalence ratio increment effect in the preheat zone by the
addition of volatile matter. In ammonia-lean cases, the turbulent flame propagation velocity of co-
combustion was larger than that of pure ammonia combustion. This is because the positive effect, which
is the increment of the local equivalence ratio by the addition of volatile matter, is larger than the negative
effect, which is the heat sink effect by the unburned particles in the preheat zone of the flame front.
Conversely, in ammonia-rich cases, the local equivalence ratio increment effect by the addition of volatile

matter becomes negative because the addition of fuel species decreases the flame temperature.

25



Consequently, the turbulent flame propagation velocity of the co-combustion was lower than that of the
pure ammonia—oxygen—nitrogen combustion in ammonia-rich cases. In the ammonia stoichiometric
condition, the turbulent flame propagation velocity of the co-combustion was almost the same as that of
the pure ammonia—oxygen—nitrogen combustion as the negative effect is offset by the positive effect.

Therefore, in the turbulent flame propagation of solid particle cloud—ammonia—oxygen—nitrogen co-
combustion, first, the unburned particles in the preheat zone of the flame front have a negative heat sink
effect. Second, the local equivalence ratio increment effect by the addition of volatile matter in the preheat
zone can induce a positive or negative effect, which was determined by the ammonia equivalence ratio.
Third, the effect of radiation from soot particles in the luminous flame has a minor effect on the turbulent
flame propagation of co-combustion for small-scale flames.

Furthermore, the consistency of results from the current study of PMMA particle cloud—ammonia—
oxygen—nitrogen co-combustion and the previous study of pulverized coal particle cloud—ammonia—
oxygen—nitrogen co-combustion confirmed that the heterogeneous combustion of char particles has little

effect on the turbulent flame propagation of co-combustion because of its slow combustion process.

5. Conclusions

In the present study, the fundamental turbulent flame propagation mechanism of solid particle cloud—
ammonia co-combustion was investigated. Three types of experiments were conducted to investigate and
validate the turbulent flame propagation mechanism of solid particle cloud—ammonia co-combustion. The
silica particle cloud—ammonia—oxygen—nitrogen mixing-combustion experiments were conducted to
investigate the negative effect of the heat sink by the unburned particles on the turbulent flame propagation
of solid particle cloud—ammonia co-combustion. Silica particle cloud—acetylene—air mixing combustion
experiments were conducted to investigate the effect of radiation from soot particles in the luminous flame

on the turbulent flame propagation of solid particle cloud—ammonia—oxidizer co-combustion. Moreover,
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PMMA particle cloud—ammonia—oxygen—nitrogen co-combustion experiments were conducted to
validate the co-combustion mechanism studied previously and clarify the effect of char reaction on the
turbulent flame propagation of co-combustion. The principal findings are as follows:

In silica particle cloud—ammonia—oxygen—nitrogen mixing combustion, the turbulent flame
propagation velocity of the mixing combustion was lower than that of pure ammonia—oxygen—nitrogen
combustion. Therefore, the unburned particles in the preheat zone of the flame front in solid particle
cloud—ammonia—oxidizer co-combustion have a negative heat sink effect on the turbulent flame
propagation.

Further, in silica particle cloud—acetylene—air mixing combustion, the turbulent flame propagation
velocity of the mixing combustion was lower than that of pure acetylene—air combustion. Therefore, in
solid particle cloud—ammonia co-combustion, the radiation heat transfer from the luminous flame to the
particles in the preheat zone has weak effect on the flame propagation velocity of co-combustion for the
small-scale flame.

The results obtained agreed well with those of the previous study on pulverized coal particle cloud—
ammonia—oxygen—nitrogen co-combustion. In the ammonia-lean case, the propagation velocity of co-
combustion is larger than that of the pure ammonia combustion, while it is lower than that of pure
ammonia combustion in the ammonia-rich case. Therefore, the turbulent flame propagation mechanism
for solid particle cloud—ammonia co-combustion is dominated by the by the negative effect of the heat
sink by unburned particles and the local equivalence ratio increment effect in the preheat zone of the flame
front by the addition of the volatile matter. Further, the consistency of the results between the current
study of PMMA particle cloud—ammonia co-combustion and the previous study for coal particle cloud—
ammonia co-combustion showed that the heterogeneous combustion of char particles has little effect on

the turbulent flame propagation velocity of co-combustion because of its slow combustion process.
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