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Abstract

This study aims to clarify the effect of fuel ratio of coal on the turbulent flame speed of
ammonia/coal particle cloud co-combustion at atmospheric pressure under various turbulence
intensities. High-fuel-ratio coals are not usually used in coal-fired thermal power plants because of
their low flame stability. The expectation is that ammonia as a hydrogen-energy carrier would improve
the ignition capability of coal particles in co-combustion. Experiments on spherical turbulent flame
propagation of co-combustion were conducted for various coal types under various turbulence
intensities, using the unique experimental apparatus developed for the co-combustion. Experimental
results show that the flame speed of co-combustion with a low equivalence ratio of ammonia/oxidizer
mixture for bituminous coal case was found to be three times faster than that of pure coal combustion
and two times faster than that of pure ammonia combustion. On the other hand, the flame speed of co-
combustion for the highest-fuel-ratio coal case is lower than that of the pure ammonia combustion
case, although the flame propagation can be sustained due to the ammonia mixing. To explain the
difference of tendencies depending on the fuel ratio of coal, a flame propagation mechanism of
ammonia/coal particle cloud co-combustion was proposed. Two positive effects are the increases of
local equivalence ratio and the increases of radiation heat flux, which increases the flame speed. In
opposite, a negative effect is the heat sink effect that decreases the flame speed. The two positive effects
on the flame speed of co-combustion overwhelm a negative effect for bituminous coal case, while the
negative effect overcomes both positive effects for the highest-fuel-ratio coal case. The findings of the
study can contribute to the reduction of solid fuel costs when the ammonia is introduced as CO: free

energy carrier and can improve the energy security through the utilization of high-fuel-ratio coals.

* Corresponding author: Tel.: +6014 907 6052. E-mail address: hadi.psa@gmail.com
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1. Introduction

Coal is widely used for energy generation because of its abundant supply from accessible
deposits worldwide. In fact, coal is a crucial energy source among the fossil fuels in the electricity
generation industry. However, at least in Japan, high-fuel-ratio coals were not used in coal-fired boilers
in thermal power plants. This is because their flame speeds were very low or flame propagation could
not be sustained. In a coal-fired boiler, flame speed is one of the most important parameters of flame
stability in the burner [1].

Utilizing ammonia in a coal-fired thermal power plant is a promising alternative because
ammonia can be directly burned in the burner. Ammonia is a carbon-free fuel and has a relatively high
hydrogen content [2]. Additionally, the storage and transportation of ammonia are relatively easy
compared to hydrogen [3]. Furthermore, a new method for ammonia production has been developed
to realize ammonia as a renewable fuel. Recently, many researchers have studied the flame propagation
behavior of ammonia because of its high potential as an energy carrier [2-8]. Although the mixing
combustion of coal and ammonia is already studied by some researchers [9], the detailed effect of
ammonia addition for the flame propagation characteristics, which is important to control the flame
stability, has not been investigated yet.

Previously, flame propagation of pulverized coal clouds in a quiescent environment was
clarified in many studies [1,10-11]. Taniguchi et al. [12] suggested that the pyrolysis rate and the
amount of volatile matter generated strongly affected the flame stability. Generally, gaseous fuel flame
propagation is faster than that of coal particles. Therefore, the pyrolysis rate of coal particles can be
increased by heat transfer from flame propagation of ammonia with the addition of volatile matter in
ammonia/coal particle cloud co-combustion. Hadi et al. [13] suggested that the increase of turbulent
heat transfer increased the flame propagation velocity of coal particle clouds. Volatile combustion has
been investigated by many researchers [14-19]. Reith et al. [20] suggested that different particles

experienced very different heat-up rates, which could even affect flame stabilization. The mean volatile
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combustion duration increased when the diameters of the particles increased [15]. Soot formation
affected the flame propagation behavior in coal clouds [21-26]. Hashimoto et al. [24] and Hayashi et
al. [25] explored soot formation characteristics in a lab-scale turbulent pulverized coal flame. The
radiation from soot was able to increase the pyrolysis rate of coal particles. Due to the presence of
soot, the volatile flame duration was extended [27]. The addition of gaseous fuel for co-combustion
also has previously been studied. Xia et al. [28] studied coal/methane/air mixture combustion in a
strained flow configuration. However, the authors are not aware of any previous papers that have
reported the fundamental mechanism of ammonia/coal particle cloud co-combustion.

The present study aims to clarify the effect of fuel ratio of coal on the turbulent flame speed
of ammonia/coal particle cloud co-combustion at atmospheric pressure under various turbulence
intensities. The most significant part of the study is the investigation of the ignition capability of high-
fuel-ratio coal particles by using ammonia as an energy carrier. Based on our experimental results, the
flame propagation mechanism is suggested for further study of ammonia/coal particle cloud co-

combustion.

2. Experimental apparatus and procedures

Experiments on pure coal combustion, pure ammonia combustion, and ammonia/coal particle
cloud co-combustion were conducted using a constant volume spherical inner combustion chamber,
as shown in Fig. 1. The inner spherical diameter was 200 mm and the total volume of the chamber was
approximately 6.2 x 10~ m3. Pulverized coal particles of common bituminous coal (C5) and high-fuel-
ratio coals (TW, KK, and UL) were used as fuel. Table 1 shows the properties of these coals. Four
kinds of coal whose fuel ratios are ranged from 1.56 to 5.3 were used. Fuel ratio is the ratio of fixed
carbon to volatile matter. In coal-O, N, (pure coal) cloud combustion, NH; -O, N, (pure ammonia)
combustion, and NH; -O, N, -coal (ammonia/coal particle) cloud co-combustion, diluted oxygen (40

vol% Oz and 60 vol% N>) was used as the ambient gas, similar to the pure coal combustion [13]. The
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flame propagation behavior of ammonia/coal particle cloud co-combustion was simultaneously
recorded by direct imaging and OH radical imaging through the same window, as shown in Fig. 1. A
half mirror was employed for simultaneously recording direct and OH radical imaging. An image
intensifier equipped with a 300 nm bandwidth filter and a UV lens was used for OH radical imaging

with precise timing to provide readable OH radical images for analysis.

Experiments on ammonia/coal particle cloud co-combustion were performed for coal
concentration, G = 0.6 kg/m?® and NH; -O, N, (ammonia) at equivalence ratio, @ = 0.6. The
turbulence intensity was set as 0.32, 0.65, 0.97, and 1.29 m/s. In C5 pure coal combustion, G = 0.6
kg/m3 was the lowest coal concentration that sustained flame propagation in all tested turbulence
intensities. Therefore, G = 0.6 kg/m3 was selected in the present study. Additionally, the lean condition
of the ammonia mixture was selected. In this type of co-combustion, the gaseous flame front that
comprises ammonia and volatile matter is called “reaction front”. Therefore, to capture the OH radical
signals from the gaseous fuel flame edge, OH radical imaging was employed to obtain the reaction
front of co-combustion. Direct imaging was employed to obtain the luminous flame.

The ammonia mixture was prepared inside the chamber and the dispersion tank. The pressure
inside the tank was 300 kPa. The mixture inside the chamber was set to —25 kPa to allow the dispersion

gas mixture that carries the coal particles to achieve the atmospheric pressure (0.1 MPa) after
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dispersion. The mixture was ignited at atmospheric pressure by using a spark ignitor with spark energy
of 5.5 J. On the top view of chamber, four 10-mm diameter dispersion holes are in the cross
configuration on the chamber body, for coal particle’s dispersion. Therefore, on the top view, the axes
of dispersion holes and the observation windows look like a regular octagon. On the vertical axis of
the combustion field, the four dispersion holes of coal particles were at the middle level which is the
same level as the spark ignition point. Generally, this is to target the coal particle’s dispersion to the
center of the sphere.

Counter-rotation of two identical fans was employed to generate a turbulent flow field inside
the chamber. The correlation between the fan rotational speed, N, and turbulence intensity, «’ was
obtained from particle image velocimetry (PIV) measurements [13]. The pressure inside the chamber
was measured using a Valcom VPRTF-A4 pressure sensor and recorded via a data logger. Another
similar pressure sensor was employed to monitor gas pressure inside the dispersion tank.

The results of ammonia/coal particle cloud co-combustion were compared to those of pure
ammonia combustion. In pure ammonia combustion, the equivalence ratio, @, of NH; -O, N,
(ammonia) was 0.6, which was the same consideration in the gas composition during the ammonia/coal
particle cloud co-combustion. A minimum of three experimental data sets for each condition was used
for the analysis. In the ammonia/coal particle cloud co-combustion, the error of coal concentration was
+3% [weight %]. The present study aims to introduce the ammonia in practical coal-fired boilers,
therefore based on thermal input, the equivalent amount of coal particles were subtracted when the
ammonia was added. Table S1 shows the final coal concentration for co-combustion after ammonia

was added (see Appendix A).

3. Results and discussion
In pure coal combustion, the bituminous coal (C5) sustained flame propagation in all tested

turbulence intensities [13]. However, in the high-fuel-ratio coals cases, only TW coal sustained flame
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propagation in high turbulence intensities with a 25% probability, while the KK and UL coals did not
sustain flame propagation in all tested turbulence intensities.

In pure ammonia combustion, both OH radical imaging and Schlieren photography was
employed. The Schlieren photography method can capture positions having high gradients of gas
densities, while OH radical imaging can capture OH radical signal during the flame propagation. A
comparison of the two methods was indicated that overall, both of them showed very similar results.
However, Schlieren photography could not be implemented for the gaseous flame in co-combustion
because of the presence of the coal particle cloud. Therefore, only data from OH radical imaging is
shown later.

Figure 2 shows the simultaneous images at the same elapsed time of (a) direct imaging and
(b) OH radical imaging in ammonia/coal particle cloud co-combustion for C5 coal, at u’ = 0.32 m/s.
The direct imaging was used to detect luminous flame front, when the number density of the soot
particles, which are formed by the secondary pyrolysis of volatile matter evolved from coal particles,

becomes sufficient, the luminous flame front was formed. The front detected by OH radical imaging

4—30mm —p
Raw 4 )
. ~-* Color reduction
Image b’) T
1 a’)
Binary
image o

a) Direct imaging b) OH radical imaging

Fig. 2. Raw flame images of ammonia/coal particle cloud co-combustion transformed to binary
images.
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is defined as the reaction front. To measure the flame diameter, the colors of the OH radical images
were reduced to enhance the visibility of the flame front. Figure 2(b’) shows an example of the OH
radical image after the color reduction. The raw images were transformed into binary images to show
the measured flame front. As shown by the red arrows in Fig. 2, the flame radius was measured
between the farthest flame fronts, which was the same procedure used in pure coal combustion [13].
The binary images of flame propagation were shown to compare the C5 coal in pure coal
particle cloud combustion with ammonia/coal particle cloud co-combustion. Figure 3 shows the
sequence of flame images for (a) direct imaging of pure coal combustion, (b) direct imaging of
ammonia/coal particle co-combustion, (¢) OH radical imaging of ammonia/coal particle co-
combustion, and (d) OH radical imaging of pure ammonia combustion, at u” = 0.32 m/s. At the same
elapsed time of 10 ms, the flame image of pure coal combustion is a relatively small scale compared
with the luminous flame (direct imaging) in the co-combustion. Additionally, the ammonia flame in
pure ammonia combustion is a relatively small scale compared with the reaction front (OH radical
imaging) in co-combustion. It confirms that the flame speed in co-combustion is relatively higher

compared with pure coal and pure ammonia combustions.

4+— 60 mm

Ignition|

10 ms)

(d)

()
ammonla/mal ammonja/coal ammonia

combustlon co-combustion; co-combustion;  combustion;
direct imaging direct i imaging  OH radical OH radical

|mag|ng |maglng
Fig. 3. The sequence of flame propagation images of pure coal, ammonia/coal particle co-
combustion, and pure ammonia combustion, at u” = 0.32 m/s.
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Figure 4 shows the radii histories of both flames that were measured using direct imaging
(“Direct”) and OH radical imaging (“OH”) for bituminous coal (C5) and high-fuel-ratio coal (UL) in
ammonia/coal particle cloud co-combustion, and pure ammonia combustion measured by OH radical
imaging (“OH_NHs"), at u” = 0.65 m/s. In ammonia/coal particle cloud co-combustion for C5 coal,
the radii of reaction front from OH radical imaging are slightly larger than luminous flame front those
from direct imaging, for all of the cases. However, in ammonia/coal particle cloud co-combustion for
UL coal, it showed a considerable difference. It showed for all cases, the radii of the reaction front
were considerably larger than the luminous flame front. The results illustrate that the fuel ratio of coal
determines the different flame propagation behavior of bituminous coal and the high-fuel-ratio coal in
ammonia/coal particle cloud co-combustion. Moreover, the radii of pure ammonia flame are smaller

than ammonia/coal particle cloud co-combustion for C5 coal case, but larger than ammonia/coal
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Fig. 4. Flame radius as a function of elapsed time of ammonia/coal particle cloud co-combustion for
C5 and UL coal, and pure ammonia combustion, at u’ =0.65 m/s. #1, #2 and #3 indicate the
experimental numbers of repeated tests.
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particle cloud co-combustion for UL coal case. The flame radii were measured 2 ms after the spark

ignition until the maximum scale of the flame reached the edge of the window. The flame speed was

obtained from the relationship of flame radius and elapsed time, which was a similar approach to [13].

Figure 5 shows the flame speed as a function of turbulence intensity for ammonia/coal particle

cloud co-combustion for (a) C5, (b) TW, (c) KK, and (d) UL coals. In Fig. 5, the flame speeds at flame

radius of 10.45 mm, which were calculated by the reaction front radius histories, are shown , the same

approach as [13]. For all coal cases, the flame speeds increase with increasing turbulence intensity.

This tendency is because of the increase of the flame front area and the increase of the turbulent heat

transfer rate at the flame front as the turbulence intensity increases, as described in [13]. For C5 coal

case (Fig. 5 (a)), for all turbulence intensities, the flame speeds of ammonia/coal particle cloud co-

combustion are approximately three times faster than that of the pure coal combustion. Additionally,

it is approximately two times faster than that of pure ammonia combustion. On the other hand, the

difference in flame speed between ammonia/coal co-combustion and pure ammonia combustion is

small for high-fuel-ratio coal (TW, KK, UL) cases. Especially, the flame speed of the ammonia/coal

co-combustion for UL coal case is lower than that of the pure ammonia combustion case. These

different tendencies depending on coal types, are caused by the difference of volatile matter amount

in the coal particles, as discussed in the followings.
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Fig. 5. Relationship between flame speed and turbulence intensity, u' of ammonia/coal particle
cloud co-combustion, pure coal, and pure ammonia combustion.

Figure 6 shows the mechanism of flame propagation of ammonia/coal particle cloud co-
combustion proposed by the authors. The particle diameter is ranging from 1 to 220 pum for all coal
types. The particles with different particle diameters are illustrated in Fig. 6. At the first pyrolysis near
the reaction front, the volatile matter release rate of small particles is relatively faster (illustrated by
the higher gradient-longer blue arrow in Fig. 6 (a) and (b)). The amount of volatile matter released
from C5 is larger (thick blue arrow in Fig. 6(a)) than UL coal (thin blue arrow in Fig. 6(b)) during the
preheat and the second pyrolysis near the luminous flame front. In addition, char combustion starts

subsequently at the post-reaction front. Char combustion of small particles start faster than the larger
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Fig. 6. A mechanism of flame propagation of ammonia/coal particle cloud co-combustion.

diameter particles at the post-reaction front. In the ammonia/coal particle cloud co-combustion field,
the unburned coal particles in front of the reaction front are preheated (preheat zone in Fig. 6) by the
convection and radiation effects. The volatile matter is evolved from coal particles in this preheat zone.
Therefore, both ammonia and volatile matter are combusted in the narrow area of reaction front as the
gaseous reaction. Because of the addition of the volatile matter to ammonia in the preheat zone, the
local equivalence ratio is increased, and this effect acts as a positive effect for the speed of the reaction
front for ammonia lean mixture case. This volatile addition effect can be a negative effect if the
equivalence ratio of ammonia/oxidizer is fuel rich condition. The effect of the equivalence ratio of

ammonia/oxidizer was investigated by Xia et al. [29], and it is beyond the scope of this paper. In
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addition to the effect of local equivalence ratio increase, the radiation from the luminous flame to the

solid particles in the preheat zone can assist the preheating of the coal particles [30]. On the other hand,

the solid particles in the preheat zone act as a heat sink, and this can be a negative effect on the speed

of the reaction front. These three kinds of effects are competed to determine the flame speed of

ammonia/coal particle cloud co-combustion.

In the case of C5 coal as shown in Fig. 6 (a), the amount of volatile matter in coal particles is

larger than that for high-fuel-ratio coal cases. Because of this, the addition of the volatile matter amount

evolved in front of the reaction front for C5 coal case is larger than that for other cases. In addition to

that, the distance between the reaction front and the luminous flame front for C5 coal is shorter as

illustrated in Fig. 6 (a). It should be noted that this short distance for C5 coal was confirmed in Fig. 4

(a). Because of the sufficient amount of the volatile matter in the reaction front, the soot formation on

the post-reaction front is faster for C5 case. Consequently, the distance between the reaction front and

the luminous flame front is short for C5 coal case. Due to the short distance between the reaction front

and the luminous flame front, the coal particles in the preheat zone receive the larger radiation heat

flux. Subsequently, the first positive effect, which is the sufficient increase in local equivalence ratio,

and the second positive effect, which is the higher radiation heat flux from the luminous flame,

overcome the negative effect, which is the heat sink effect of coal particles in preheat zone. Due to the

overwhelming positive effects, the flame speed of ammonia/coal particle co-combustion for C5 coal

case is much higher than that of pure ammonia combustion as observed in Fig. 5 (a).
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On the other hand, the amount of volatile matter addition in front of the reaction front for high-

fuel-ratio coals is lower than that for bituminous coal (C5). Moreover, the radiation heat flux from the

luminous flame to coal particles in the preheat zone for the high-fuel-ratio coal cases is lower than that

for C5 case. This is caused by the long distance between the reaction front and the luminous flame

front as illustrated in Fig. 6(b). Because the volatile matter content is lesser in the high-fuel-ratio coal

particles, the volatile release rate is also lower resulting in a slower soot formation rate. Consequently,

the luminous flame front is relatively far from the reaction front. It should be noted that the long

distance between the reaction front and the luminous flame front for UL coal is confirmed in Fig. 4

(b). This longer distance results in lower radiation heat flux from the luminous flame to coal particles

in the preheat zone. Because of the weakness of the first positive effect, which is the little increase in

local equivalence ratio, and the weakness of second positive effect, which is the lower radiation heat

flux from the luminous flame, the negative effect, which is the heat sink effect of coal particles in the

preheat zone, overcome the both positive effects for UL coal case (the negative effect does not change

significantly between all coal types due to similar values of coal particle specific heat). Due to the

overwhelming of the negative effect, the flame speed of ammonia/coal particle co-combustion of UL

coal case is lower than that of pure ammonia combustion as observed in Fig. 5 (d).

As described in Section 2, the equivalent amount of coal particles was subtracted when the

ammonia was added. However, even if the ammonia is added without the subtraction of coal particles,

it was suggested that the basic tendency of flame speed will not be changed, although the effect can be
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enhanced little such as the flame speed of ammonia/C5 coal can be increased, compared to the present

study.

4. Conclusions

In this study, experimental results of the turbulent flame speed of ammonia/coal particle cloud co-

combustion at atmospheric pressure are reported for the first time. The effect of fuel ratio of coal on

the flame speed of ammonia/coal particle cloud co-combustion under various turbulence intensities

was clarified. The principal findings of this study are as follows:

The distance between the reaction front and the luminous flame front is shorter for bituminous
coal case, while that is longer for high-fuel-ratio coal cases. This is because a longer time is
necessary for soot particle formation in high-fuel-ratio coal cases due to a low volatile matter
release rate.

There are two positive effects on the flame speed of ammonia/coal particle cloud co-
combustion with a lean equivalence ratio of ammonia/oxidizer mixture, which are the increase
of local equivalence ratio because of the addition of volatile matter from coal particles and the
increase of radiation heat flux from the luminous flame to coal particles in preheat zone. One
negative effect is the heat sink effect because of the heat capacity of coal particles in the preheat
zone.

For bituminous coal, the positive effects are considerable compared to the negative effect. On the

other hand, the negative effect overshadowed both positive effects for the high-fuel-ratio coals.
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Appendix A. Supplementary data

Table S1

Final coal concentration for ammonia/coal particle cloud co-combustion.
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Fig. 5. Relationship between flame speed and turbulence intensity, u’ of ammonia/coal particle
cloud co-combustion, pure coal, and pure ammonia combustion.
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Appendix A.

The present study aims to introduce the ammonia in practical coal-fired boilers, therefore
based on thermal input, the equivalent amount of coal particles were subtracted when the
ammonia was added. The detailed amounts of coal subtracted and coal concentrations for

all conditions are listed in the following Table S1.

Table S1
Final coal concentration for ammonia/coal particle cloud co-combustion.
Lower Thermal Thermal Needed Final
R Amount . . . Coal Coal
Heating input from input thermal input coal
of coal for subtracted  subtracted .
Value of _ coal, from from coal . . concentration
Substance G=0.6 _ . X if add if add
coal Kko/m? G=0.6 ammonia, if add ammonia ammonia for co-
(LHV) i kg/m? 0=0.6 ammonia Kk Iy combustion
Mikg [l [MJ] [MJ] [MJ] [iel [%] [kg/m]
Coal (C5) 27.8 0.003714 0.103249 0.021221 0.0820279 0.0007634 20.5535 0.4767
Coal (TW) 27.2 0.003714 0.101021 0.021221 0.0797995 0.0007802 21.0069 0.4740
Coal (KK) 30.1 0.003714 0.111791 0.021221 0.0905701 0.0007050 18.9829 0.4861
Coal (UL) 27.2 0.003714 0.101021 0.021221 0.0797995 0.0007802 21.0069 0.4740
Ammonia 18.6 - - 0.021221 - - - -




