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ARTICLE INFO ABSTRACT

Keywords: To meet the goal of an international carbon-neutral framework, the promotion of clean coal utilization occupies a
Ammonia vital position in reducing greenhouse gas emissions. Ammonia co-firing is considered as a potential strategy for
Cf’al . future power generation to reduce fossil energy consumptions, soot, CO, emissions, and hydrocarbon pollutants.
Smgle, par?de In the present work, the ignition characteristics of single coal particles under ammonia (NHj3) co-firing conditions
Chemiluminescence

were investigated. Particles were injected with NH3 or N into a hot flue gas environment at 1550 K generated by
a CH,-fired Hencken burner. Temporally resolved images of CH* chemiluminescence and char thermal radiation
were captured. Combining the signal profiles, ignition modes and characteristic times of single burning particles
were studied with different coal types, carrying atmospheres, and O3 contents. When the carrier gas was replaced
by NH; atmosphere, the ignition delay time of all coal particles was greatly shortened, and the time interval from
ignition to peak, as well as the combustible component burnout time, were both lengthened due to the promoted
devolatilization and combustion reaction rates of coal particles caused by the NH3 flame. Concerning the ignition
mode in the NHgs-blended cases, the homogeneous ignition behaviors of the lignite particles were further
enhanced, while the bituminous particles transitioned to the homogeneous-heterogeneous united ignition mode.
As the O, content in the flue gas increased, the ignition of all coal particles was advanced monotonously, and the

Ignition characteristics

chemiluminescence became more intense in both Ny and NH3 atmospheres.

1. Introduction

The clean utilization of fossil fuels and the realization of a carbon-
neutral society have become worldwide consensus in recent years.
Since coal will still play important roles for many years due to its
abundant reserves and cheap price, particularly in the developing
countries, the carbon emission reduction nowadays from coal combus-
tion is still great challenging. Ammonia, a zero-carbon fuel with high
energy density and low storage & transportation cost, is considered to be
a promising renewable substantial fuel that can be co-fired in existing
coal fired furnaces or boilers for heat and power supply [1] gradually
replace coal. Co-firing of ammonia with coal requires less retrofit and is
especially attractive for existing thermal power stations. The ammonia
supply system can be combined with the existing SCR/SNCR denitration
technologies. As an efficient way to reduce carbon dioxide at source, the
ammonia/coal co-firing strategy receives growing attention in both ac-
ademic and industrial communities. For commercial large-scale industry
systems, Chugoku Electric Power confirmed that the ammonia/coal
co-firing technology can be applied in commercial operations to reduce
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greenhouse gas emissions in Japan’s Mizushima power plant unit 2 (156
MW output) [2]. JERA Co. plans to introduce ammonia combustion
technology to coal-fired power plants by 2040. JERA Co. and IHI Co.
announced to demonstrate 20 % ammonia co-firing technology in a
1000 MW-class unit of the Hekinan power plant [3]. China Energy In-
vestment Co., Ltd constructed a 40 MWth ammonia blending coal-fired
boiler system. The testing system has realized the ammonia/coal mixed
combustion with an ammonia blending ratio of 0-25 % and verified the
feasibility of ammonia/coal co-firing technology on the industrial level
[4].

In order to fundamentally understand the ammonia/coal co-firing
process, Xia et al. [5,6] examined the characteristics of turbulent
spherical flame propagation of the ammonia and pulverized coal
co-firing process in a constant-volume chamber. The experimental data
indicated that the spherical propagation velocity of the ammonia/coal
flame was faster than that of coal burning, regardless of the
ammonia-oxidizer equivalent ratio. Zhang et al. [7] studied the effect of
the NHj co-firing rate on the combustion characteristics using the nu-
merical simulation method, which showed a significant influence of the
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NHj co-firing rate on the flame shape. Once NHjs co-firing rate exceeds
40%, the internal recirculation zone is completely penetrated by
high-velocity NH3 stream, leading to a long flame shape and much
unreacted NH3 leakage downstream. Takuma et al. [8] evaluated the
characteristics of NHs/coal co-firing with different injection methods in
a bench-scale 1.2 MW coal-fired furnace. Researchers from the Korea
Institute of Energy Research [9] conducted a preliminary experiment to
observe the characteristics of ammonia-coal co-fired flame for coal-fired
boiler applications and realized flame visualization for 30 % NH3 and 70
% coal combustion in burner types of 5 kW thermal capacity. The
ammonia-coal flame showed a longer shape than when gaseous
ammonia was burned alone and it is considered to be the result of taking
longer time for volatile matter and char combustion processes. Taka-
masa et al. [10] reported that ammonia addition could cause the dete-
rioration of ignition performance for pulverized coal and the deviation
of the ignition position of the flame in the boiler.

Ignition is one of the most important characteristics of fuel com-
bustion process. Ammonia, as a gaseous fuel, has distinct ignition and
combustion characteristics from coal. When coal particles are co-fired
with ammonia, the gas phase ammonia is considered to ignite prior to
coal, originating high-temperature environment surrounding the coal
particles. As rapidly heated, the volatiles release of the pulverized coal
will be promoted and the ignition and combustion processes will be
accelerated. Hence, the critical scientific issue of ammonia/coal co-
firing is supposed to be the gas-gas homogenous and gas-solid hetero-
geneous ignition mechanisms. However, to the authors’ best knowledge,
the studies on the ignition of coal under ammonia co-firing conditions
are scarce. Considering the investigation of the ignition of single coal
particles can explore more fundamental knowledge, in the present work,
the ignition and combustion characteristics of single coal particles under
ammonia co-firing conditions will be experimentally studied.

Studies focusing on the combustion processes of single fuel particles
have been carried out for over four decades and nowadays, the study is
still one of the most important stages in various fundamental coal
research techniques [11]. Molina and Shaddix [12,13] investigated the
ignition and devolatilization characteristics of pulverized coal particles
in N5 and CO- environments at 1700 K, and Bai et al. [14] evaluated the
combustion characteristics of single coal particles in terms of particle
size, shape, surface roughness, rotation frequency. Khatami and Lev-
endis [15-22] explored the combustion behaviors of a series of single
coal particles using high-speed cinematography and three-color py-
rometry in a drop tube furnace (DTF) with optical access. Kops et al. [23]
evaluated the effect of steam addition on the ignition delay times (IDT)
of single coal particles in a DTF under air condition by high-speed
cinematography, which indicated that the addition of steam could
shorten the IDT of the particles because of the steam gasification re-
actions producing highly flammable species. Koser et al. [24] applied
the laser-induced fluorescence (LIF) method of OH radicals on single
coal particles to study the ignition and volatile combustion behaviors.
Yuan et al. [25-27] used CH* chemiluminescence and three-color py-
rometry to observe the ignition and devolatilization process of pulver-
ized coal particle streams and concluded the transition behavior from
heterogeneous ignition to homogeneous ignition. Qi et al. [28] obtained
ignition and volatile combustion processes of single biomass and coal
particles in N3/Oy and CO3/O2 environments with the temporally
resolved CH* chemiluminescence method, which is regarded as an un-
ambiguous indicator of the occurrence of volatile combustion [29,30].

In this work, we acquired the temporally resolved images of CH*
chemiluminescence and char thermal radiation in ammonia/coal single
particle flames by an ICCD camera equipped with 430 and 850 nm band-
pass filters. Particles were carried by N or NH; flows and injected into
the hot flue gas environment generated by a CHs-fired Hencken burner.
Based on the images of CH* chemiluminescence and char thermal ra-
diation, the ignition modes and characteristic times (including ignition
delay time, the interval from ignition to peak, combustible component
burnout time, etc.) of the single coal particles under different conditions
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(coal types, No or NH3 atmospheres, O, contents) are analyzed and
discussed.

2. Experimental methodology
2.1. Experimental setup

As shown in Fig. 1, the ammonia/coal single particle combustion
experiments were carried out in a Hencken-type flat flame burner, which
consists of 600 steel tubes (I.D. 0.8 mm) inserted into a circular hon-
eycomb plate (diameter of 60 mm). Detailed structure parameters were
illustrated in our previous publication [28]. The burner chamber con-
sists of a lower fuel gas supply part (CH4) and an upper oxidant supply
part (Air+0O2). The 600 steel tubes are connected to the fuel gas supply
part and small diffusion flames are established at the tips. Single coal
particles were carried by the primary stream (N»/NHg, flow rate at 80
mL/min) and injected into the hot environment through the central tube
(I.D. 1.5 mm). A quartz shroud (I.D. 60 mm, height of 150 mm, and
thickness of 3 mm) is mounted above the burner to avoid contamination
of the hot flue gas by the ambient air while allowing for optical access.

The image acquisition system is presented in Fig. 2, which mainly
consists of an emICCD camera (PI-MAX 4: 512EM) with two optical
filters, a signal amplifier, a DG535, a FY6900 signal generator and a
diaphragm. A steady 515 nm green laser beam generated by a laser
diode was placed at the height of 2 mm above the central tube through
where the coal particles were injected upward into the hot flue gas
environment. The laser beam was shone on a photodiode (PD) abidingly.
Once the coal particles passed through the laser beam, the intensity of
the light collected by the PD declined rapidly, which simultaneously
induced a tiny drop of the PD voltage output. After being amplified, the
voltage signal was sent to a DG535 and then triggered the signal
generator, which produced a series of continuous pulses with time in-
tervals of 4 ms to control the ICCD camera. The camera was set to the on-
CCD mode with the gate width (i.e. single exposure time) of 500 ps. The
image doubler (LAVISION, VZ-image doubler) in front of the camera was
equipped with two bandpass filters centered at 430 nm (Andover,
bandwidth 10 nm) and 850 nm (Thorlabs, bandwidth 40 nm). The CH*
chemiluminescence and char thermal radiation signal were acquired
synchronously to realize the spectral resolution of the single particle
combustion. The image regions were set as 10 x 60 mm? with a spatial
resolution of ~137 pm per pixel. Through multiple exposure, a series of
signal from coal particles can be obtained like the results from Fig 1(b).
Through the height and jet velocity, the ignition delay time can be ob-
tained. Meanwhile, to recognize the NH3 flame, a 630 nm bandpass filter
(Andover, bandwidth 10 nm) was used to capture the NHy*
chemiluminescence.

2.2. Coal properties and test conditions

This study investigated four kinds of typical coals: lignite from
Ximeng (XM), bituminous from Inner Mongolia (IM) and Zhundong
(ZD), and anthracite from Gongyi (GY). The proximate and ultimate
analysis results are listed in Table 1. Before each test, the coal particles
were sieved to 120~150 pm and dried at 105 °C for 3 h.

As shown in Table 2, the O, concentration of the flue gas was varied
among 10 %, 20 %, and 30 %, while the temperature and average ve-
locity at the burner exit were kept at ~1550 K and ~0.88 m/s, respec-
tively. Pure Ny and ammonia blended one (10 % NHs + 90 % Ny),
abbreviated as No and NH3 atmospheres, were used as central particles
carrying gases with a flow rate of 80 mL/min.

3. Results and discussion
To prove that the chemiluminescence signals acquired by the 430 nm

bandpass filter is derived from CH* radicals, a high-precision spec-
trometer (Princeton Instruments, Acton SP2300) in 1200 lines/mm
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Fig. 1. Schematic of the ammonia/coal single particle combustion system. (a) Flame photo; (b) Hencken burner structure and image of CH* chemiluminescence.
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Fig. 2. Schematic of the experimental setup. (a) Photo of the laser path; (b) Synchronous trigger and optical measurement system.

Table 1
Proximate and ultimate analysis of the coal samples.

Coal Proximate analysis (Wt%) Qnet,ad (MJ/kg) Ultimate analysis (Wt%)

Mad Aad Vad FCaa Cad Had Nad Stad Oad
XM 4.50 15.47 37.90 42.13 21.95 56.00 3.55 0.97 0.54 18.97
M 3.35 8.37 31.46 56.82 27.63 69.50 3.71 1.03 0.31 13.73
ZD 4.48 5.84 30.31 59.37 26.10 68.07 3.08 0.67 0.48 17.38
GY 2.00 9.28 7.09 81.63 31.51 80.35 2.96 1.05 0.34 4.02

Note: ad, on air-dried basis; M, moisture content; A, ash content; V, volatile content; FC, fixed carbon; Q,e, low heating value; S, total Sulphur.

grating mode was used to analyze the signals. We obtained the high-
resolution chemiluminescence spectrograms of the single particle com-
bustion process and compared them with the spectral structure of CH*
characteristic peak at 431 nm from the LIFBASE database, as shown in
Fig. 3 (taking XM-coal for example). It can demonstrate from the well-
matched line shape that the characteristic signal at 430 nm of single
particle ignition came from the intermediate radical CH* produced by
the combustion of volatile fraction (C,H,). Combined with the filter
transmittance curve, we can discover that the bandpass filter eliminated
most of the ground noises of broadband signals, such as soot and coke
radiation. It can ensure less interference to the wanted CH* signal and
negligible influence on the ignition mode or characteristic time.

3.1. Images of ammonia/coal single particle ignition

The temporally resolved images of CH* chemiluminescence and char
thermal radiation and the corresponding signal intensity profile with the
variation of residence time for typical single-particle coal combustion
processs are shown in Fig. 4. The O3 content of the background flue gas
was 20 vol.%, and the pulverized coal was carried by N5 (1~4) and NH3
(5~8), respectively. Generally, the ignition modes of fuel particles are
identified into two modes [28]: (i) homogeneous ignition mode, where
the gas-phase volatiles combustion take place in an enveloping flame,
prior to heterogeneous oxidation of the char; and (ii) heterogeneous
ignition mode, where particles ignite heterogeneously and the com-
bustion of the volatiles and char take place simultaneously. In this work,
the typical criterion of the ignition mode is identified by the transition
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Table 2
Test conditions for each experiment.
Case  Coal Carrier gas O, content Outlet Average
type composition in flue gas velocity temperature
(%) (m/s) )
1 XM Ny 10/20/30 0.88 1550
2 M N, 10/20/30 0.88 1550
3 ZD N, 10/20/30 0.88 1550
4 GY Ny 10/20/30 0.88 1550
5 XM 10 % NH; + 10/20/30 0.88 1550
90 % Ny
6 M 10 % NHj3 + 10/20/30 0.88 1550
90 % Ny
7 ZD 10 % NHj + 10/20/30 0.88 1550
90 % Ny
8 GY 10 % NHj; + 10/20/30 0.88 1550
90 % Ny
1.04__xm S SR, 0.5
—— LIFBASE 3

Normalized intensity
Transimission of filter

Wavelength (nm)

Fig. 3. Experimental spectra centered at 430 nm and CH* chemiluminescence
spectrum simulation based on the LIFBASE database.

region of signal sudden drop in the image. Particles burning in two
phases (volatiles flame and char combustion) with a distinguishable CH*
intensity dropping region are defined as homogeneous ignition, where
the volatile flames are highly sooty and luminous with soot contrails
while the char combustion last longer and sparkle weaker. As for par-
ticles burning in one phase with no volatile trails or condensed phase
matters are considered as heterogeneous ignition mode.

As seen from the left side of Fig. 4, when the single particle of XM
lignite entered the hot environment, it was heated up rapidly, and the
devolatilization reaction occurred. The CH* signal appeared at 24 ms
when the homogeneous ignition began. The flame diameter of the vol-
atile gas is about eight times that of the original particle size. As the
particle temperature rose and O diffused to the particle surface, the
heterogeneous char combustion occurred at 44 ms (above the yellow
dotted line) with the continuous release of residual volatiles in the
particle [28]. However, as bituminous coal with relatively low volatile
content, IM-coal and ZD-coal devolatilization rates are slower than
XM-coal. Volatile matter oxidizes rapidly and cannot enrich. There are
no obvious transition areas between the upper and lower part of the
images, suggesting the occurrence of heterogeneous ignition, followed
by the simultaneous combustion of the volatiles and char. Different from
the above three types of coal, the CH* signal intensity of GY-coal cannot
be detected during the single particle ignition process. Due to the less
volatile content of the GY anthracite, almost no hydrocarbons are
generated in the combustion process, and the overall performance is the
combustion reaction of char. Therefore, the ignition location of the
GY-coal can be judged by the char thermal radiation signal instead,
which attains 32 ms in the image.

The right side of Fig. 4 shows that the ignition location of single
pulverized coal particles is significantly advanced when NHj carries the
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pulverized coal into the high temperature and thermal environment. It is
because the pre-combustion of NH3 flame greatly increases the tem-
perature of the flue gas around coal, promotes the early release of vol-
atiles in single coal particles, and thus accelerates the ignition process.
When carried by NHjs, single particles of XM-coal ignite on fire at 12 ms.
The boundary line between the volatile gas flame and heterogeneous
char combustion is no longer evident, and the ignition mode changes to
homogeneous-heterogeneous united ignition [31]. The rate of frag-
mentation occurring during heat-up and devolatilization could affect
overall particle burning rates, as reported by Mitchell and Akatenuk
[32]. Such fragmentation of coal particles can be observed frequently
under the NH3 atmosphere. The single particles of IM-coal and ZD-coal
ignite at around 16 ms and 20 ms, respectively, accompanied by greatly
enhanced CH* signal intensity, indicating that the combustion reaction
is both speed up and enhanced significantly under the NH3 atmosphere.
As for GY-coal, the ignition position moves forward at ~20 ms under
NH; carrying condition.

It should be noted that even for the same type of coal, the micro-
structure and chemical composition of every single particle cannot be
entirely consistent at the individual level, so the characteristics and
phenomena in the combustion process are bound to be slightly different.
Hence, the experiments were repeated 20 times for each case, and the
signal distributions of the single particle ignition process were counted
by average, which allowed the collected results with statistical signifi-
cance. The statistical average conclusions are given in Section 3.2.2
below.

3.2. Ignition and combustion processes

3.2.1. Temporally resolved images of single particle ignition in the No/NHs
atmosphere

The typical temporally resolved CH* chemiluminescence (XM/IM/
ZD-coal) and char thermal radiation (GY-coal) signals of single burning
particles under N, (1~4) and NHg (5~8) atmosphere with O content in
the background flue gas of 20 % are shown in Fig. 5(a). It is observed
that the ignition and combustion characteristics of the tested coals with
different ranks exhibited distinct features, which explicitly means
different ignition modes, ignition delay times and volatile burnout
times.

According to Fig. 5, the initial ignition positions of four coal samples
delay successively with the increase of coal rank, starting from 15 mm
HAB (height above the burner) to 25 mm HAB. As the low-rank coal with
high volatile content, XM lignite (case 1) started homogeneous ignition
at ~24 ms, and the combustion of volatiles lasted ~8 ms. Then, the
heterogeneous oxidation of the residual char occurred at 44 ms, along
with the remaining volatiles release and burning. However, with the
increase of coal rank, the initial position of CH* signals appeared later
around 28~30 ms for IM-coal (case 2) and ZD-coal (case 3) and the
transition region where signal intensities suddenly drop could no longer
be observed. Hence, these cases were classified as heterogeneous igni-
tion mode. As for GY anthracite (case 4), characterized by the char
thermal radiation signal at 850 nm band, did not occur heterogeneous
ignition until 32 ms, and the signal intensities were feeble. The ammonia
blended combustion cases (5~8) are shown on the right side of Fig. 5(a).
Compared with the height of the NH; flame on the right, we can observe
that the single coal particle immediately ignited within the area of the
NH; flame. Therefore, the ignition delay time was considerably short-
ened. In the meantime, the CH* signal intensities were significantly
increased. These divergences indicate that adding NH3 would promote
the devolatilization reaction and accelerate the ignition process for
single coal particles. From the perspective of ignition mode, when the
central nitrogen flow is replaced by NH3/Nj, the ignition modes of coal
particles have some changes: the volatile gaseous flame area increased
for XM-coal, and CH* signals appeared earlier (within 16~24 ms) in the
ignition process for IM-coal and ZD-coal. The above changes indicate
that: in the NHs atmosphere, the homogeneous ignition characteristics
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Fig. 4. CH*/char images and signal intensity profile of typical coal single particles combustion.

of XM-coal particles are strengthened with the overlap of homogeneous
and heterogeneous ignition zones, while the IM-coal and ZD-coal par-
ticles showed a transitional trend from the heterogeneous ignition mode
to the homogeneous-heterogeneous united ignition mode, where a new
signal peak appears in the early stage of the CH* intensity profile.

The normalized CH*/Char signal intensity profiles in the N, and
NH3/Ng atmospheres are shown in Fig. 5(b), which is directly converted
from Fig. 5(a). By comparing line 1) and line 5), we can see that the CH*
intensity of the XM-coal particle presents a bimodal distribution along
with the residence time under both nitrogen and NH3 atmospheres. The
first signal peak at 25 ms represents the gaseous flame where homoge-
neous volatile ignition happens. The second peak at 45 ms represents the
gas-solid two-phase flame where heterogeneous char oxidation occurs.
Therefore, the minimum between 35~40 ms indicates the extinguishing
of the volatile gaseous flame and the beginning of the heterogeneous
char ignition. Such bimodal distribution behavior also exists in the NH3
atmosphere, with the minimum intensity advanced to ~20 ms. By
comparing line 2) and line 6), we can find that the CH* intensity curve of
the IM-coal transforms from the unimodal distribution to the bimodal
distribution when NHs is blended. The inflexion point appears at 25 ms,
and the signal peak moves forward. Such transition indicates that the
ignition behavior gradually changes from heterogeneous ignition to
homogeneous ignition when the primary air is replaced from Nj to NH3.
As for ZD-coal (lines 3, 7) and GY-coal (lines 4, 8), the flame signals
present unimodal distribution without noticeable turning points, which
means their particle ignition processes keep still as heterogeneous
ignition modes. To sum up, replacing the primary air from N, with NH3
will lead to the evolution of the normalized CH* signal intensity from
unimodal distribution to bimodal distribution for partial single coal
particles and significantly advance the occurrence location of the CH*
chemiluminescence and char thermal radiation, which would shorten
the ignition delay time as is well-known.

3.2.2. Statistical results of CH* chemiluminescence and char thermal
radiation intensity during ignition

The average statistical results of CH* (XM/IM/ZD-coal) and char
(GY-coal) signal intensity variations as a function of residence time in
the N3 and NH3 carrying conditions (20 images counted for each case)
are shown in Fig. 6. Based on the signal heights of the curves in Fig. 6(a)
and (b), the intensities of CH* chemiluminescence and char thermal
radiation signals significantly increased when Ny is replaced by NHs,
which directly confirms the enhancement effect of NH3 addition on the
devolatilization and combustion of single coal particles. Such enhance-
ment can be explained by the following reasons: (1) In the high-
temperature background flue gas around 1550 K, the NH3-carrying gas
in the central jet rapidly burned once it entered the hot environment.
Therefore, the ambient temperature around the coal particles in the
ammonia-doped condition is significantly higher than the Ny carrying
case. The heat emitted from NHs3 flame (located ~10 mm HAB)
increased the particle devolatilization and combustion reaction rate,
which led to the ignition in advance; (2) The molecules and active
radicals (e.g. H, NH, NH3) decomposed from NHj could react with the
volatile matters, which causes the in advance of the particle ignition and
facilitates the process of coal combustion.

In order to determine the characteristic ignition times, Fig. 7 shows
the normalized chemiluminescence signal intensity as a function of the
residence time based on Fig. 6. In previous studies, two main ways exist
to define the ignition delay time. Riaza et al. [22] measured the tem-
perature temporal evolution of the burning particles, and defined the
ignition temperature as the first point where the particle temperature
gradient reached the maximum. Simoes et al. [33] concluded that 15 %
of the maximum luminosity intensity is a more consistent ignition cri-
terion for single-particle ignition events. Similarly, Qi et al. [28] and
Weng et al. [29,30] also took 15 % of the maximum CH* chem-
iluminescence signal intensity as the ignition criterion for single coal
and biomass particles and found that the results agreed well with the
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Fig. 7. Normalized statistical chemiluminescence signal intensity as a function of the residence time in the (a) Ny and (b) NH3 atmospheres.

ignition delay time calculated by the max-gradient method. This study
adopted the second method (15 % of the maximum normalized chem-
iluminescence intensity) and plotted the baselines of 5, 10 and 15 % of
normalized CH*/Char intensities in Fig. 7. It can be seen that the
baseline of 15 % shows better distinction for different coal types than
other two baselines and thus it is used as the discrimination criterion in
the following discussions.

3.3. Characteristic time of the single particle ignition process

Based on the above illustration, the 15 % of the maximum normal-
ized chemiluminescence intensity was used as the criterion to determine
the beginning and ending of the combustion of single coal particles.
Accordingly, the characteristic times throughout the whole combustion
process are defined as follows in Fig. 8:

(1) Ignition delay time (IDT), which ranges from 0 ms to the first
intersection point of signal intensity curve and the baseline. It
characterizes how fast the particle begins to ignite.

(2) Interval from ignition to peak intensity (ITP), which ranges from
the first intersection point to the timing of the maximum signal
intensity. It describes how much time the particle would experi-
ence since ignition until the coal combustion comes to the most
intense moment.

(3) Combustible component burnout time (CBT), which ranges from
the first intersection of the intensity curve and the baseline to the
last intersection. It indicates how long the whole combustion
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Fig. 8. Characteristic time (IDT, ITP and CBT) definition.

process could last, including the volatiles combustion stage and
the char combustion stage.

3.3.1. Ignition delay time (IDT)

The ignition delay time (IDT) obtained through the 15 % baseline for
different coal types in the Ny and NH3 atmospheres are shown in Fig. 9,
the data are obtained from Fig. 7. The volatile matter contents of each
coal type are plotted as grey dots on the right axis. From the perspective
of fuel properties, the ignition delay times of single coal particles
generally present monotonously upward trends with the decrease of
volatile matter content, e.g. lignite (XM) < bituminous (IM/ZD)
<anthracite (GY). It is understandable since the ignition delay time for
coal particles are closely related to their volatile contents. In addition,
the change of the thermal environment surrounding coal particles will
affect the heat transfer, mass transfer and reaction characteristics of the
combustible components, which further influence the ignition behaviors
of single coal particles. Specifically, when Nj is replaced with NH3 in the
carrier gas flow, significant decreases of the IDTs can be observed among
the coal samples. As the arrows marked, the IDTs decreased by 7.9 ms
(XM), 10.5 ms (IM), 4.4 ms (ZD) and 7.4 ms (GY), respectively.

Based on the present statistical results, when coal particles were
carried by NH3 atmosphere, the XM particles ignited homogeneously at
~8 ms, the IM and ZD particles ignited at 12~14 ms, and GY particles
ignited heterogeneous at ~21 ms. Since the divergencies of the back-
ground gas, jet velocity, temperature, burner structure and other factors,
it is hard to directly compare the experimental data of relevant studies
[16,19,22,23,34]. Nevertheless, the IDT levels are all within the range of
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Fig. 9. Ignition delay time for different coal types in the Ny and NH3 atmo-
spheres, as compared with the volatile matter content.



C. Chen et al.

10~100 ms, as same as this research. Moreover, our previous work
obtained consistent descending tendencies of single-particle IDTs with
increased volatile content in the No/CO5 environments [28].

3.3.2. Interval from ignition to peak intensity (ITP)

After ignition, the combustion reactions of coal particles accelerate
rapidly, and the flame chemiluminescence signal intensity rises
continuously. The time interval from ignition to peak CH*/char signal
intensity (ITP) for different coal types in the Np and NH3 atmospheres
are shown in Fig. 10 with data obtained from Fig. 7. The CH*/char signal
intensity here represents the combustion rate of the particles’ volatile. In
the N atmosphere, XM and IM particles with high volatile content reach
the peak combustion rate at ~8.5 ms and ~6.2 ms after ignition,
respectively. As for ZD and GY particles with high fixed carbon content,
it takes longer time (13.7 ms and 12.1 ms, respectively).

Concerning the NH3 atmosphere, the ITP intervals for all coal types
improve conformably. On the one hand, it is because of the IDT for coal
particles being advanced with NHg flame preheated. On the other hand,
the peak position of the chemiluminescence signal moves backwards
due to NHj carrying, especially for XM and IM particles. As shown in
Fig. 5(a) above, the coal combustion with NH3 carrying is more intense,
and the chemiluminescence signal peaks of XM and IM coal postpone
from the homogeneous burning region (upstream) to the homogeneous-
heterogeneous united burning region (downstream). Therefore, the ITP
of these two coal particles increase significantly (11 ms and 9.7 ms,
respectively), which indicates that the durations of high-intensity
combustion are prolonged.

3.3.3. Combustible component burnout time (CBT)

As discussed earlier (cf. Fig. 5), the devolatilization of the coal par-
ticles can occur during the pre-ignition stage, the volatile combustion
process, and the char oxidation stage. The volatile combustion and char
oxidation stages overlap for the particles experiencing heterogeneous
ignition and combustion. The time interval between the two in-
tersections of the 15 % baseline and normalized intensity curve in Fig. 7
is defined as the combustible component burnout time (CBT) following
the related literature [28]. Fig. 11 shows the CBT for four types of coal
particles in the No and NH3 atmospheres. As illustrated by the arrows,
when Nj is replaced with NHj3 in the carrier gas, the CBT values for all
coal types extend by 3~6 ms. Two main reasons can be concluded:
Firstly, the NH3 flame promotes the devolatilization of particles and
accelerates the temperature rise to ignition, which moves forward the
starting position; Secondly, the coal combustion period is prolonged in
the presence of NHs, which lengthens the duration time from ignition to
burnout.
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Fig. 10. Interval from ignition to peak intensity of chemiluminescence signal
for different coal types in the N, and NH3 atmospheres, as compared with the
volatile matter content.
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and NHj3 atmospheres, as compared with the volatile matter content.

3.4. Effect of Oz content in flue gas on ammonia/coal single particle
ignition delay time

The CH*/char signal images of the single coal particles under
different O, content (10, 20, 30 %) in the background flue gas are shown
in Fig. 12, compared with the NH3 flame height on the left. In terms of
characteristic time, as Oy content changes from 10 to 30 %, the location
of ignition occurring moves forward in order, which means the ignition
delay time shortens. In addition, the signal intensities of the CH*/char
are significantly enhanced, indicating that the volatile oxidation and
char burning intensity increase dramatically, no matter in the N, or NHg
atmosphere.

From the perspective of ignition mode, XM particles generally pre-
sent the characteristics that gas-phase ignition and volatile combustion
occur prior to heterogeneous oxidation under various O, content. The
homogeneous-heterogeneous transition region where CH* chem-
iluminescence disappears can be observed distinctly in the upper-left of
Fig. 12. Concerning ammonia-blended cases, the NH3 flow heats the
single particle intensively, which contributes to the quick release of
volatiles and burning. Meanwhile, the elevated temperature shortens
the heat transfer process from the surface to the interior of particles and
enhances the char’s chemical reactivity, significantly bringing forward
the heterogeneous combustion time. Therefore, the transition region of
XM particles may vanish in the NH3 carrying cases (e.g. 20 % O3 con-
tent). IM and ZD particles generally present heterogeneous ignition
characteristics and tend to ignite in homogeneous-heterogeneous united
mode when O, content exceeds 20 %. Unsurprisingly, GY particles keep
the typical heterogeneous ignition characteristics in all cases since they
almost contain no volatilities.

The ignition delay time (IDT) variation for XM, IM, ZD and GY
particles under different O, content (10 %/20 %/30 %) and carrier gas
(N2/NH3) atmosphere are shown in Fig. 13. No matter in the Ny or NH3
atmosphere, the IDT curves for all coal types reveal monotonously
decreasing trends with the increase of the O, content. That is to say, the
oxygen-enriched strategy can be applied into both pure coal combustion
and ammonia/coal co-firing occasions to effectively shorten the ignition
process and increase the burning rates at the single-particle scale.

4. Conclusions

This study investigated the ignition and combustion characteristics
of ammonia/coal co-firing conditions under different coal types, Oy
content and carrier gas conditions. The CH*/Char chemiluminescence
signal intensity distribution and ignition characteristic time of single
coal particles in both N» and NH3 atmospheres were obtained. The new
findings are summarized below:
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Fig. 12. Chemiluminescence images of single particles combustion with different O, content (10~30 %).

further enhanced, and the IM and ZD particles shift to the
homogeneous-heterogeneous united ignition mode.
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