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Abstract

A multi-point Laser-Induced Breakdown Spectroscopy (LIBS) method for quantitative
measurement of sodium concentrations in the gas phase, the surface temperature and the particle
diameter during the combustion of a Zhundong coal particle is presented. To obtain multi-point
LIBS data, the laser focusing and signal collection optics are mounted on a translational platform
which is able to traverse cyclically. With this setup multi-point LIBS measurements above a
burning particle can be performed and the time-resolved sodium release process can be obtained.
The results show that 42.2 % of the total sodium mass is released during the burning of the
Zhundong coal sample. For a 4 mm particle, in the char burnout stage sodium is released most
strongly, i.e., 87% of the total released sodium mass, while in the de-volatilization and ash
reaction stages the percentages are 5% and 8%, respectively. The atomic sodium and NaOH are
the most favored species at chemical equilibrium in the plume according to CHEMKIN. The
sodium release is found to be closely related to the particle burning stages by analyzing the
sodium release, particle surface temperature and its diameter. A linear relationship is found
between the residual sodium mass in the particle and the volume of the particle. The volatile
sodium release rate obeys a two-step Arrhenius expression. Predictions by the developed two-step
kinetics model agree well with the measured sodium release profiles in all the three coal-burning
stages.

Keywords: multi-point LIBS; Zhundong coal; sodium release; model; kinetics.
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1 Introduction

The release of alkali metals is known to cause fouling and corrosion of heat transfer surfaces

within boilers during combustion utilization of biomass or low-rank coal [1, 2]. During

combustion, the volatile sodium will evaporate and form an initial sticky deposit on the convective

heat exchange surfaces. By reacting with chloride or sulfur components in the gas phase, the

sticky deposit can cause severe damage to the surfaces [3]. Furthermore, utilization of the

Zhundong coal, which is believed to be one of the most abundant coalmine reserves in China, is

prohibited due to its high concentration of sodium compounds [4]. Therefore, investigating the

sodium reacting dynamics during coal combustion is essential to help practical utilization of

high-impurity solid fuels like Zhundong coal.

Over the past decades, there have been several studies aiming to understand the release of

alkali metals through offline and online measurements. The offline methods are usually based on

physical and chemical analysis of fuel and ash [5-7]. According to offline results [7, 8], sodium in

low-rank coal can appear in three forms: (1) water-soluble sodium which is the sodium salt and

can dissolve in water; (2) organic-bounded sodium which contains the sodium bounded to organic

carbon structures in the fuel; (3) insoluble sodium that has been attached to clay minerals. The

first two forms of sodium compounds are releasable during coal combustion and the last one will

remain in the residue ash [9]. However, the offline measurements cannot provide information

about time-resolved sodium release and sodium species in the gas phase. Therefore, online

methods of sodium measurement have become more popular recently. Monkhouse [10] have

reviewed both online optical diagnostic methods and mass spectrometry methods of alkali species

measurement in the gas phase. All these methods are helpful to understand the different forms of
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sodium during its dynamic release process. In order to achieve time-resolved measurement of

sodium released in the gas phase, several laser diagnostics methods have been employed in

previous research, including: Laser-Induced Fragmentation Fluorescence (ELIF) [11], Tunable

Diode Laser Absorption Spectroscopy (TDLAS) [12], Laser-Induced Breakdown Spectroscopy

(LIBS) [13], Planar Laser-Induced Fluorescence (PLIF) [14], etc. Based on time-resolved atomic

sodium results, van Eyk et al. [14, 15] used a chemical equilibrium calculation to determine the

amount of volatile sodium that is releasable during coal combustion. Their results showed that

nearly 90% of sodium in the coal was released. In summary, most of the abovementioned research

conducted the measurement of one sodium species, i.e., atomic sodium. To the best of our

knowledge, direct time-resolved measurement of the total volatile sodium flux due to a single

burning particle has not been reported.

Based on online and offline measurement results, mechanisms and kinetics of alkali metal

release during coal combustion and gasification have been reported. Most of the literatures pointed

out that the release of alkali metals follows an Arrhenius expression [16-20]. According to the

forms of alkali metals in solid fuels, the release of different classes of alkali has different reaction

pathways. Water-soluble sodium is usually found to be released by evaporation and the

corresponding saturation pressure has been determined by Tomeczek et al. [21]. Besides, part of

water-soluble sodium can react with carboxylic acid groups, forming organic sodium like

-COONa and -CNa [22, 23]. Organic sodium will be oxidized by O, during combustion, forming

volatile sodium in the gas phase [24-26]. Moreover, insoluble sodium can react with water vapor,

which also contributes to the release of sodium [15]. van Eyk et al. [17] has developed a char

burnout and sodium release model based on a chemical equilibrium prediction. To the best of the
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authors’ knowledge, however, the kinetics of sodium release has not yet been directly determined

from measurement results. Moreover, the mechanism and kinetics of sodium release at the initial

coal-burning stage (the devolatilization stage) are still unknown.

In our previous studies, a single-point LIBS method was employed [9, 13]. In those cases, we

were able to get the volatile sodium concentration at only one location in each measurement. To

lift the limitation, the laser focusing and signal collection optics in the LIBS system were mounted

on a translational platform which was traversed cyclically as the particle burns in the present study.

Using this setup it became possible to conduct LIBS measurements at multiple points above a

burning particle for each case, and the time-resolved volatile sodium release process can be

determined. In addition, the particle surface temperature and the particle diameter were also

measured during sodium release measurements. The relationship between the release of volatile

sodium and the burning status of a particle can then be obtained. Moreover, the kinetics of volatile

sodium release will also be determined in this study. In the present study, coal particle size and

burnout time have on the same order of magnitude as in a typical CFB boiler, so this work will

directly impact on Zhundong-coal utilization in CFBs. Moreover, the findings of this study,

together with our previous work, will be important references for sodium kinetics measurement

and modeling of a burning coal particle in both PF and FB fields.

2 Experiment setup and theory

2.1 Multi-point LIBS measurement system

The LIBS method was employed to measure sodium and potassium concentrations at a single

point above a burning coal particle in our previous work. The design and principle of the LIBS

method and the details about the burner can be found in Ref. [9, 27]. In this study, a spherical
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particle was suspended by two ceramic rods (d = 1 mm) at 10 mm above the burner plate. The

burner was operated with a premixed methane/air flame at an equivalence ratio of 0.8 with 0.59

SL/min methane and 7.06 SL/min air. The gas composition was: 3.9% O,, 7.6% CO,, 15.4% H,0

and 72.8% N,. The plume temperature was estimated to be ~1892 K based on CHEMKIN

calculations.

The configuration of the measurement system in this study is shown in Fig. 1a. The Nd:YAG

laser, which operated on the fundamental wavelength (1064 nm), was focused on a zone which is

10 mm above the fuel particle. A USB4000 spectrometer was adopted to collect the LIBS signal.

In order to generate multi-point LIBS data, the laser-focusing lens, signal collection optics and

spectrum detector were mounted on an electric translational platform, which was able to move

cyclically. In this case, the measurement point can be moved horizontally at a given height (Fig.

1b). The sequence timing of the laser, spectrometer and electric translational platform were

arranged by a digital delay/pulse generator (Model: DG535) to ensure synchrony. In the present

study, the laser and spectrometer were operated at 10 Hz in frequency. The motion frequency of

the platform was also 10 Hz and the distance of each motion is 3 mm. To be more specific, the

radial distances () of the measurement points from the centerline are: -12 mm, -9 mm, -6 mm, -3

mm, 0 mm (centerline), 3 mm, 6 mm, 9 mm and 12 mm, respectively. The frequency for

measuring the same point was 1 Hz.

In order to achieve quantitative measurements of sodium concentrations in the gas phase, the

LIBS system was calibrated by the method outlined in [9]. In the calibration experiments, an

ultrasonic vaporizer was used to generate a fog of sodium chloride (NaCl) solution, which was

carried by the feeding gas into the pilot flame through the vapor chamber. The average seeding
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rate of NaCl solution was 0.69 g/min, which was calculated based on the mass loss from the
seeding solution. After the correction process of self-absorption (the self-absorption by the sodium
atoms in the region of the plasma and the self-absorption by sodium atoms in the calibration flame)
effect [28], a linear relationship was obtained between the LIBS intensity and the concentration of
Na element. In this study, since the measurement point is not far away from the centerline, the gas
phase sodium in the calibration flame can be regarded as uniform. So, the relationship between the
LIBS signal and the sodium concentration at each measurement point can be written as:

11185 Na =2430% Cyg, R =0.96 (1)
where 155 . (0 unit) is the intensity of sodium signals in LIBS, and Cy, (mg/m’) is the sodium
concentration measured at a given point, and R” is the coefficient of determination.

2.2 Mathematical method to determine the total mass of released sodium
By measuring sodium concentrations at all the measurement points, the release of total
sodium can be determined by mathematical calculation [15]. The flux of sodium (Nag,,) passing
through a given height at a given time can be determined from the experimental data. On the other
hand, the sodium flux at any given height at a given time has the same value as the sodium release
rate from the burning particle surface, which can be described as:
27T poo
Na fx ¢ :IO J;) uxCpy Xrxdrxdg 2)
where u is the axial velocity, » is the radial distance from the centerline, and 8 is the radian. In our
experiments, the burner provided a uniform gas flow in @ direction and the particle is spherical, so
Eq. (2) can be deduced as:
o
Na gy ¢ :ZHXIO uxCy, xrxdr 3)

In order to simplify the calculation, we assumed the distributions of u and Cy, were both a
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function of r, then Nag,, at a given time can be approximated as follows:

u= fu(r) 4
CNa = fNai(r) 5)
Na g ¢ =277><J‘:ft(r)xdr (6)

At this point, Nag,,,at different time can be obtained from the integration of a function of 7.
Moreover, integrating the sodium flux with time, we can get the total mass of sodium released
during a certain time period. Therefore, the integration of the sodium flux with the whole

combustion duration can provide the total mass of volatile sodium in the gas phase.
) (7)
Nayojgite = _[0 Na gy ¢ dt

2.3 Particle temperature and diameter measurement

During the combustion of a coal particle, its surface emissivity will change as the main
component of the particle changes from char to ash [29]. A two-color ratio pyrometer has been
used to measure the variation of surface temperature of the coal particle during the whole burning
period [30]. According to Yan et al. [31], the output of the two-color ratio pyrometer method’s
image, /1), can be proportional to the exitance of the measured surface:

LAy =R.*S) %) x%xe_CZ/(/]T)

; ®)

where R.is the instrument constant [32], S; is the spectral sensitivity of the charge coupled device
(CCD) system, ¢; is the monochromatic emissivity, 7T is the surface temperature, C, and C, are the
first and second Planck’s constants, respectively. Hence, the surface temperature can be

determined by rearranging the ratio of /; 7 at two different wavelengths [31]:
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Usually, the value of S;,/S;, in this measurement can be known from the spectral response

performance of a CCD. But in our study, it was calibrated by a thermocouple in the flame in order

to correct the spectral response of both the CCD and filters.

In our study, the value of /; 1) was collected with an intensified charge coupled device (ICCD,

Model: PI MAX 3, Princeton Instrument, 1024 x 1024 pixel array). A bi-optic lens attachment

(Model: LAVISION VZ-image doubler) was employed to record 2-D images of the coal particle at

different wavelengths simultaneously. The images of the coal particle were collected at 1 Hz with

a gate width of 800 ms throughout the whole combustion period of the coal particle. Two filters (1

nm bandwidth) centered at 633 nm and 647 nm were chosen for the two-color pyrometry

technique. Moreover, since the two wavelengths are very close to each other, the differences

between the corresponding spectral emissivities are neglected, i.e., €;1/¢;; = 1. In addition, the

variation of the diameter (d) of the burning particle can be determined from the images of thermal

irradiation [33].
2.4 Coal samples

The Zhundong coal used in this study originates from Xinjiang Province, China. The

Zhundong coal field contains coal reserves in the amount of 164 Gt, and it is one of the largest

coal-producing areas around the world [34]. Coal particles in two different diameters (4 mm and 6

mm) were prepared in our study. First, the raw coal samples were crushed and sieved to select sub

75 pm coal particles. Then approximately 50 mg of the coal powder was pressed into a 4-mm

spherical particle for measurements. To make a 6-mm spherical particle, 169 mg of the coal
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powder was used to make sure it has the same density as with the 4 mm particle. The physical and

chemical analyses of the Zhundong coal are shown in Table 1. The proximate analyses were

determined according to the Chinese National Standard GB/T 212-2008, and the ultimate analyses

were determined according to the Chinese National Standard GB/T 476-2008 (carbon and

hydrogen), GB/T 19227-2008 (nitrogen), and GB/T 214-2007 (sulfur). In order to measure the

chlorine concentration, the coal sample was digested in strong acid, and then the solution was

measured by inductively coupled plasmas atomic emission spectroscopy (ICP-AES, Model:

Thermo Scientific iCAP 6300) to determine the amount of CI.

The offline analysis of the sodium compounds of Zhundong coal was shown in Table 2. The

ash was prepared in a muffle furnace at 1000 °C in accordance with the Chinese National Standard

GB/T 1574-2007. The mass fractions of different classes of Na compounds in Zhundong coal and

ash were determined by the sequential extraction method [8, 9]. The different sodium compounds

were distinguished based on their solubility by stepwise extraction using water, 1 mol/L

ammonium acetate and 1 mol/L hydrochloric acid. The detailed sequential extraction procedure

can be found in our previous work [35]. As the results showed, the water-soluble sodium

contributes dominantly to the sodium released in the gas phase. The relative released proportion,

which is defined as the ratio of the sodium mass remaining in ash to that in the raw coal particle

sample for a specific sodium class, is the highest for NH4Ac-soluble sodium. In the offline

chemical measurement, about 47.5% of sodium was found to have released during the combustion

process.

3 Results and discussion

3.1 Multi-point LIBS measurement
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The distribution of sodium concentrations along the radial direction at a given height above
the coal particle can be used for calculating the mass of sodium released in the gas phase for a
burning particle, as discussed in section 2.2. The measurement results at 10 mm above a burning
4-mm particle is shown in Fig. 2. Each measurement has been repeated three times and the result
shows their average. The sodium concentration profiles at different points have the same shape as
those in our previous work [13, 36]. Each of them can be clearly divided into three stages (the
de-volatilization stage, the char burnout stage and the ash reaction stage) by two peaks. As r
becomes larger, the sodium concentration decreases. Moreover, the peak magnitude and duration,
in which sodium can be detected, of the curve decrease as the distance of the measurement point
from the centerline increases. The longest duration is about 1200 s for the measurement point on
the centerline, which suggests the integration time period for the sodium flux calculation.
Considering the sodium concentration at » = 15 mm is too low to be detected, the radial distance
for integration was taken from » = 0 to 15 mm.

In section 2.2, we developed a method for predicting the mass of sodium released in the gas
phase. In order to verify the assumptions made in Eq. (5), specific LIBS results chosen from the
three different stages during the combustion of a 4-mm particle are shown in Fig. 3a. The
relationship between the sodium concentration and the radial distance at a given time is fitted to a
2nd-order polynomial:

Fra ) =ay xr® +ayxr+a (10)
where ay, a; and aq are the fitting coefficients and their values are shown in Table 3. By using a
2nd-order polynomial equation to fit the sodium concentration distribution along the radial

direction, the coefficient of determination R-squared (R’) is bigger than 0.98 for all the
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measurement results. For the assumption of Eq. (4), we performed a 3-D steady-type simulation
using ANSYS FLUENT to investigate the velocity distribution in the gas phase when burning a
4-mm Zhundong coal particle. The Reynolds number in this study was 3.84, so the laminar
module is used. The other parameters were carefully chosen to approximate the experimental
conditions. A second-order upwind method was used for spatial discretization. The profile of the
axial velocity at 10 mm above the particle is shown in Fig. 3b, which implies a wake flow forming
downstream of the suspended coal particle, with the highest axial velocity found near » = 7.5 mm.
The relationship between the axial velocity and the radial distance is fitted by a fourth-order
polynomial:
£, (1) =bg x4 by x 13 4 by xr % 4y x 1+ (11)
where by, b3, by, by and by are the fitting coefficients. Their values are shown in Table 3. Since the
flow rate is almost constant and the effects of shrinking of the particle on the flow field are minor,
Eq. (11) will be used for the whole sodium-release period.
The aforementioned conclusions can simplify Eq. (6) so that we can perform the integration

as follows:

15mm

Naﬂux,t :[F}(r)}omm (12)
where F(r) is the integral of fi(#). The results are shown in Fig. 5a and the profile in the initial
stage has been zoomed in. The curve of the sodium flux is very similar to the sodium
concentration profiles and we determined the three different stages shown in the Fig. 4 by the
followed steps: (1) Fit our experimental results (the red line) by matlab cftool. We can then
separate the first and second peaks by the trough (the first green square). Its corresponding time is

what we used to define the end of the devolatilization stage; (2) Use linear fitting for the rapidly
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decreasing stage following the second peak and the asymptotic (last) stage of our experimetal

results (see the two blue lines). The intersection point (the second green square) of these two

fitting lines is the time instant with which we separate the char burnout and ash reaction stages. In

this case, the three stages can be defined as: (I) de-volatilization stage: the first peak, 0 - 53 s; (I)

char burnout stage, 54 - 489 s; (III) ash reaction stage, 490 - 1200 s. By integrating the sodium

flux with time, we can get the mass of sodium released at different burning stages of the 4-mm

particle, as shown in Fig. 5b. The total mass of sodium released into the gas phase is 0.156

mg/1g-coal-particle. The total sodium element mass in the raw coal particle and in the residue ash

from the LIBS experiment are 0.37 mg/particle and 0.186 mg/particle, respectively, which are

determined using ICP-AES. From the mass balance of the sodium element, it can be deduced that

the proportion of the released sodium is 49.7%. The online LIBS result of the proportion of the

released sodium (42.2%) agrees well with both the offline chemical analysis in Table 2 (47.5%)

and the mass balance of sodium (49.7%). The error between these two values can be caused by

calibration methods, chemical methods, mathematical assumptions, etc. Furthermore, the

integration of the sodium flux in different stages can provide the sodium-release information

during the three combustion stages. The most favored sodium compound is the water-soluble

sodium according to Table 2. However, the release of water soluble Na is limited during

devolatilization stage. During the combustion process, water-soluble sodium will [17]: (I)

evaporate and become sodium vapor in the gas phase due to high temperature; (II) react with the

coal compounds like -COOH to form organic sodium and then be oxidized to form NaO or NaOH,

both of which will be very difficult to be released into the gas phase and will remain in the

residual till the end of combustion. Moreover, the duration of the devolatilization process is
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usually very short, so there will still exist a significant proportion of water soluble sodium to be

released in the char burnout stage. This was observed in our previous study [9]. In the char

burnout stage, sodium release is the strongest. Almost 87% of the releasable sodium was released

in this stage. Meanwhile, the burning of organic components not only releases organic sodium but

also generates high temperatures, thus favoring the evaporation of water-soluble sodium [9]. The

heterogeneous reaction between Na,O retained in the ash and H,O from the gas phase resulted in

sodium release in a long tail period, i.e., the ‘ash reaction stage’ [14, 33]. However, the sodium

released both in the de-volatilization stage (5%) and the ash reaction stage (8%) is very little

compared with that in the char burnout stage.

In our recent work [37], we have used the PLIF method to measure the release of atomic sodium.

Based on the integration results of sodium flux in the three different stages from the PLIF (atomic

sodium) and multi-point LIBS (volatile sodium), the proportion of atomic sodium in the total

volatile sodium is given in Table 4. Almost 23% of the Na released is atomic sodium, which is in

agreement with the CHEMKIN prediction (1892 K) on the sodium species in the flame at

chemical equilibrium, as shown in Table 5. In our CHEMKIN simulations, the temperature and

the main gas compositions of the plume were chosen to be the same as in the outlet of the

heat-flux burner (see Section 2.1). Moreover, the released sodium, chlorine and sulfur were

assumed to be atomic Na, HCI and SO, [22]. It should be noted that the equilibrium results are not

affected by the initial chemical forms of Na [15]. The initial concentrations of atomic Na, HCI and

SO, were estimated based on the mean burning rate of the coal particle and the species

compositions in the chemical analyses shown in Table 1 and Table 2. Based on the CHEMKIN

results, we can infer that atomic Na and NaOH are the two most favored species during coal
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combustion. When the temperature increases from 1750 to 1950 K, the concentration of the two

major sodium compounds Na and NaOH change from 11.08% to 29.01% and from 87.31% to

69.97%, respectively. A simple sensitivity analysis can be calculated as follows:

Percentage change in target value

Sensitivity= Percentage change in parameter value (13)
From 1800 K to 1900 K, the temperature has changed +5.6%, and the sensitivity of the
concentrations of Na and NaOH are 11.09 and -1.88, respectively, which indicates atomic sodium
can be quite sensitive to the temperature.

However, the proportion of atomic sodium in volatile Na is not constant during the
combustion of the coal particle, with a much higher proportion in the ash stage than in the
previous two combustion stages. As atomic sodium is produced by decomposition of Na
compounds in the region near the coal particle sample, the proportion of atomic sodium is
dependent on the particle temperature and parent compound. A higher temperature yields stronger
decomposition of Na compounds, thus a higher proportion of atomic sodium. However, in the ash
reaction stage the particle temperature is lower than in the char burning and de-volatilization
stages, so the high atomic Na in the ash reaction stage must be due to the Na compound released
during the ash stage having a higher decomposition rate than in the previous two stages.

3.2 Particle temperature and diameter measurement

The sodium concentration in the solid phase (Na,;) can be determined by subtraction of
multi-point LIBS results (Fig. 5a) from the total sodium concentration (Table 2). The relationship
between combustion parameters, such as the particle diameter (d), the surface temperature (7), and

Nay,iq of 4-mm particle combustion is shown in Fig. 6a. And their derivatives are shown in Fig. 6b.

The curves of d and T with time can be clearly divided into the three stages of the coal particle
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combustion:

(I) As shown in Fig. 6a, at the beginning, the particle is suddenly put into the plume so T

increases to nearly 1500 K in several seconds. Then the particle starts to pyrolyze and the volatiles

will burn around the particle, accelerating the heating of the particle by thermal radiation. During

this period, 7 is almost constant but Nay,;; decreases as long as the particle stays in the plume.

According to [21], a lot of water-soluble sodium will evaporate and transform in this period. After

the volatile components have burned out, both 7 and Nay,;;; experience an inflection point because

of the lack of thermal radiation from the burning of volatile components.

(IT) The ignition and burning of char causes the decrease of the particle diameter, indicating

the combustion stage has moved to the second one. In this period, the char reacts with gas-phase

components, generating heat and shrinking the core of the particle. This reaction will promote the

temperature of the particle and then accelerate the reaction. So an increase of dd/d¢ and dNay,;,/dt

can be observed (Fig. 6b). Both dd/dt and dNay,;,/dt reach their maximum magnitudes in this

period. Most of the organic sodium is released at this stage, due to the organic compounds being

destroyed by combustion.

(III) After the char burnout, the residues transform to a stable status. 7 and Nay,;; are almost

constant and d shows a slight decrease with time (Fig. 6a). By analyzing the derivatives, there is

still some minor sodium release in this period. Previous research shows that the ash can react with

water vapor in the plume, causing the release of sodium [17].

The similar tendencies observed in the profiles of the sodium mass and the combustion

parameters reveal that the release of sodium components is related to the burning of the coal

particle. The variations of Na,,;; and d with time are very similar, which implies Nay,;; may have
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a relationship with the particle volume (V). Moreover, dNay,;/dt is very similar to 7, which means
the sodium flux can be determined by the particle temperature.

We can deduce the correlations by plotting the particle volume and Nay,s. Fig. 7 shows their
correlation in the char burnout and ash reaction stages. In order to obtain general conclusions, the
6-mm-particle results, which are obtained by the same method as for the 4-mm particles, are also
shown in Fig. 7. The total fractional sodium release from the 6 mm particle is 38.4% due to the
larger particle size will lead to the release of sodium with a lower proportion. Both results of the
4-mm and 6-mm particles show a linear relationship between Nay,;;and V. Using a linear fitting,
the correlation between Nay,;;and V can be approximated by:

4 mm Nagyq = 0.004882 XV +0.2167, R* = 0.9947

(14)
6 mm Nagyj;q =0.005194xV +0.6878, R> = 0.9887

where the units of Nay,;; and V are mg and mm’ , respectively. According to [38], during the char
burnout stage the sodium compounds are most likely sodium carbonate and then released into the
gas phase by char combustion. Therefore the residual sodium mass in the coal particle, i.e., Na,y 4,
may be related to the mass of the particle during char combustion. Moreover, the mass of the
particle is reflected in its volume change, as shown in the shrinking core model [39]. In addition,
the combustion of the particle will destroy the particle structure and lead to the sodium which
storage in the porous to release. So a general relationship may exist between Na,,;,and V. We
normalize Nay,;sand V by their initial value for 4-mm and 6-mm particles, and the correlation is

plotted in Fig. 8.

Na solid
Na solid jnitial

y=—V
%

Nagolig =

(15)

initial

where the initial values used here are determined from those before the start of the burning. After
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the normalization, the results of the particles in two different sizes overlap with each other. By
fitting the scatter results, the general correlation between Na,,;; and V of a burning Zhundong coal

particle can be approximated by:

Nagotig — _ V.

x 0.4406 +0.5728, R* = 0.9829 (16)
Nasolid initial ~ Vinitial
3.3 Kinetics of sodium release

The rate of sodium release can be obtained from the derivative of Na,,;; with time. Since
Nay,iishas a linear relationship with the particle volume, the sodium release rate should be based
on the combustion rate of the coal particle. In general, the coal particle combustion rate usually
obeys an Arrhenius expression. van Eyk et al. [17] has established a relationship between the rate
of sodium release and char temperature in the char burnout stage,

Na = Nagyjig Xk
{ flux,t solid 17)

k=Axexp(—E/(RxT))
where k is the chemical rate constant for sodium release, 4 is the pre-exponential factor, £ is
activation energy, and R is the universal gas constant, 8.314 J/(mol*K). They assumed that all the
sodium in the coal was releasable and the temperature distribution in the char particle is uniform.
In this study, it was found that only 47% of the total sodium could be released. So Eq. (17) has

been modified to:
Naﬂux,t = Nayojatile,r * k

0 t
Nayolatile, = J.O Na f,11BS X dt - J.O Na fx,11BS X dt (18)

k=Axexp(=E /(RxT))
where Na,ojq1.,, means the mass of releasable sodium remaining in the particle and it is determined

from our LIBS experiments. In this case, we can determine & by using the experimental results:

Na f1,x LIBS

(19)

= . P
Io Na flux LiBs > dt = Io Na iy L1Bs % dt
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The variation of k& with time in the 4-mm particle experiments is shown in Fig. 9a. The curve
of k is similar to the sodium flux curve, but the appearance of the peaks is delayed compared to
those of Nag,., After getting the values of k, 4 and E can be determined by the following
equation:

mwyﬂmm—%x% (20)

Hence, by plotting In(k) versus -1/, we can calculate the values of 4 and E through the
interception and slope of the fitted line, respectively. In our study, we choose the char burnout
stage as the calculation zone and can get a linear correlation (Fig. 9b) as:

In(k) =14.088 —34624.98 / T, R*> = 0.9798 21

With Eq. (21), we can determine 4 and £, and the reaction rate & for sodium release as:

—287.8kJ/ mol

6.118
k=10 X ex
p( RxT

(22)

As discussed in our previous work [37], a coal particle undergoes the pyrolysis process at the
beginning of combustion. So the release of sodium can be strongly influenced by the pyrolysis of
the coal particle. In order to incorporate this effect, we have developed a two-step kinetics model
to separately account for the release of the two types of sodium (sodium compounds bounded to
volatile and char) when the coal particle is burning. In the previous work [37], a two-step model
has been developed to approximate the kinetics of atomic sodium release. The two-step model was
adapted in the present study to obtain the kinetics of volatile sodium (including NaOH, NacCl,
Na,SO,4, Na etc.) release. We assumed that k;in Eq. (23) is equal to £ in Eq. (22), and the two

types of volatile Na are calculated based on the chemical analyses in Table 1 and Table 2. The

equations of the two-step kinetics are:
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Naﬂux,t = Navolatile,V,t Xky + Navolatile,C&A,t Xky
Navolatile,V,t = Navolatile,t xVy

Navolatile,C&A,t = Navolatile,t X(FCq +4y) (23)
ki = A xexp(=Ey / (RxT))
ky = Ay xexp(=E / (R*T))

where Na,,juie y: 1S the volatile sodium bonded to the volatile matter and Na,oire g4, 1S the
volatile sodium bonded to the char and ash. V,, FC; and A, are the mass fractions of volatile
matter, fixed carbon and ash in the coal by dry basis (Table 1). By recalculating the volatile

sodium flux based on the two-step kinetics, the value of k; can be determined as:

kg =106083 exp(%’“;/mol) (24)
Verification of the sodium release kinetics has been presented for coal particles of the two
diameters: 4 mm and 6 mm. The input kinetics is Egs. (22) and (24), and other parameters, such as
T and initial sodium concentrations, are taken from our multi-point LIBS measurements. The
comparisons between the experimental and simulation results are shown in Fig. 10. They agree
well with each other for both the 4-mm and 6-mm particles. For sodium flux, both the one-step
and two-step kinetics models predict a lower magnitude of the peaks both in the de-volatilization
and char burnout stages than the experimental results. This also leads to the model predictions of
Nay,;is being higher than the experimental results. Compared to the one-step kinetics, the two-step
kinetics agrees better with the experimental results, and it can successfully predict the sodium
release during the whole course of the combustion of a single coal particle, including the initial
devolatilization stage.
4 Conclusions
A multi-point LIBS method for quantitative measurement of sodium concentrations in the

plume during the burning of a Zhundong coal particle has been presented. The particle surface

temperature and particle diameter are measured simultaneously. In this study, 42.2 % of sodium
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was released during the burning of a 4-mm Zhundong coal particle, which agrees well with both
the offline chemical analysis in Table 2 (47.5%) and the mass balance of sodium (49.7%). The
measurement of a 4-mm Zhundong coal particle shows in the char burnout stage, sodium release is
the strongest (87% of the overall releasable sodium). The ratios of sodium released to the overall
releasable sodium in the de-volatilization and ash reaction stages are 5% and 8%, respectively.
The most favored species in the plume at chemical equilibrium are atomic Na and NaOH, based
on CHEMKIN predictions.

A detailed analysis of the residual sodium mass, particle surface temperature and particle
diameter suggests the sodium release is closely related to the particle burning status. The profile of
the sodium release rate is very similar to the variation of the particle surface temperature.
Moreover, the variation of the sodium mass in the residue has the same tendency as that of the
particle diameter. A linear relationship between the sodium mass in the residue and the particle
volume of a burning Zhundong coal particle is determined as:

Nagolia ! Nagojid initial =V ! Vinitial % 0-4406 + 0.5728,R2 =0.9829 .

The sodium release rate obeys an Arrhenius expression. The kinetics of sodium release
during Zhundong coal combustion determined by a one-step model has the pre-exponential factor
of 10%" s™ and the activation energy of 287.8 kJ/mol. Moreover, a modified van Eyk’s model, i.e.
a two-step model that separately considers the influence of devolatilization and char burnout on
sodium release, has been developed. The two-step kinetics model predictions agree well with the
experimental results in the verification study, including the sodium release at the initial burning

stage.
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Table 1. Chemical analysis of Zhundong coal

Proximate analysis(wt.%, air dry basis)

Moisture Ash Volatile Fix Carbon
9.85 4.23 28.72 57.2
Ultimate analysis(wt.%, dry ash free basis)
Carbon Hydrogen Nitrogen Sulfur Oxygen
79.29 2.89 0.88 0.43 16.5
Cl (mg/g coal, air dry basis)
2.56
Table 2. Mass (mg) of different classes of sodium in a 1g coal particle
Na mass (mg/1 g of raw coal)
Sample
Water-soluble NHyAc-soluble HCl-soluble Insoluble Total
Raw coal 4.946 0.55 0.334 1.579 7.409
Ash 1.894 0.095 0.31 1.593 3.892
Released Na mass 3.052 0.455 0.024 0 3.517
Relative Released
Proportion
61.70% 82.70% 7.18% 0 47.5%
(= released Na mass /
total Na mass in raw coal)
Table 3. Fitting coefficients
a a; a R
Sr0s(7) -0.00253 -0.4608 6.502 0.9801
Ja00s(r) 0.01629 -1.289 13.78 0.9868
Js00s(r) 0.003176 -0.08052 0.5356 0.9895
by b3 by b, by R
G 8.104E-06 -0.00028 0.002113 0.001174 0.1442 0.9986
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Table 4. Sodium release in different coal-burning stages (unit: mg/50 mg of raw coal)

devolatilization char burning  ash reaction  total

Atomic sodium 1.519E-3 3.030E-2 5.729E-3 0.037
Volatile sodium 0.008 0.136 0.013 0.156
Proportion of atomic sodium % 18.9% 22.3% 44.1% 24%

Table 5. Equilibrium compositions of sodium compounds in the plume at 1750~1950 K predicted

by CHEMKIN.
Different sodium proportion (%)
Temperature

Na NaO NaO, NaOH NaCl
1750 11.08 0.25 0.09 87.31 1.31
1800 14.69 0.32 0.09 83.99 0.94
1850 18.93 0.40 0.08 79.92 0.67
1892 22.94 0.47 0.08 76.00 0.51
1900 23.74 0.49 0.08 75.20 0.48
1950 29.01 0.58 0.08 69.97 0.35
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555 Fig. 1. Multi-point LIBS experiment setup.
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Fig. 2. LIBS data of sodium element concentrations at different measurement points (» =0, 3, 6, 9,
12 mm) during the combustion of a 4-mm coal particle. (the concentration at 15 mm is always
below the detected limit of 0.3 ppm)



565

o i ' " ' i ] 0.20 ; ; ; ;
Fitting
124 o 30s 1
O 400s 0.15 15

~ 10 A 800 :
E P
S 8 <
N E o0.10
Z =
<

44

0.05 1
2 .
O Velocity
04 — Fitting
: ' : ' ; : : 0.00 ; ; ; ;
0 2 4 6 8 0 12 i 5 A " o s
Radial distance (mm) Radial distance (mm)
(a) Sodium concentration distribution (b) Axial velocity distribution
566 Fig. 3. Profiles of sodium concentration and axial velocity distributions along the radial direction
567 at 10mm above the 4-mm Zhundong coal particle.

568



569

570
571
572

600 800 1000
Time (s)

0 200 400

Fig. 4 The determination of three sodium release stages.




573

5.0E-4 . . . . . 0.16 . AR —
- olatile_Na= 0. mg
|53 | 489 0.14 0.136 (87%)
4.0E-47 | S 1
B 0.12-
2 | L B
S 3.0E-4 - Oy e 1 E 0.101
E | o |2 2
E ) £ 0.08
g"‘ 2.0E-4- DD' 1 &
N S 0.06 .
o| [u]
1.0E-4 1 2 1 0.04 .
.
0.02 %)
00— . , . m 0.008 (5%) 0013 8%
0 200 400 600 800 1000 1200 0.00 P22z . .
Time (s) Devolatilization Char burning

(a) sodium flux
574

575

particle).
576

Ash reaction

(b) Na release proportion in different stages
Fig. 5. Profile of sodium flux and statics of Na release in different coal-burning stages (4-mm



577

e
)
L

—

=)

&

N
L

-5.0E-3 \‘\/y_“,_v__
R o dd/dt

T T T T

dd/dt (mm/s)

dT/dt (K/s)
b

27 —d7vds

T (x500 K), d (mm), Na_,, (<0.1 mg)

I o 2 , . ;
% g 00,
11 O Surface Temperatured,’ 112 - b i 2.0E-44
| © Diameter I 8 . 3 —
ol 1 A Na Concentration | : 2" -4.0E-4 ‘ : ‘ ' dN"wm/d‘t
0 150 300 450 600 750 900 h L e - OO0
Time (s) Time (s)
(a) T, d and Na,yy (b) d77/dt, dd/dt and dNay,y;4/dt
578 Fig. 6. Variation and derivatives of particle surface temperature (7), particle diameter (d) and
579 sodium mass in the solid phase (Na,;,) with time (4mm particle).

580



1.5 - . . . : .

- se 0
o0 1 0- o L 2 i
g Ie goH R’=0.9887
S ﬂn
~
S
S
< 0.5- -
’ A 4mm exp.
M =4 mm fitting
R=0.9947 O 6mmexp. ]
= =6 mm fitting
0.0 - . : . : . .
0 30 603 90 120
s81 V (mm”)

582 Fig. 7. The relationship between sodium mass in the solid phase (Nay,;;;) and particle volume (V)
583



584

1.0 .
0.8 .
3
- 20.6- .
S
Z.
0.4 - .
O 4mm
0.2 N O 6 mm N
] —Fitting ]
0.0 . - . , . - T : : ; ;
0.0 0.2 04 0.6 0.8 1.0
’
585 V
586 Fig. 8. The correlation between normalized solid-phase sodium mass (Na g, ) and normalized
587 particle volume (V)

588
589



590

591
592

. (mg/s)

Na !

")

k(s

4.0E-4-

2.0E-4-

T

0.0~

Sodium flux |

1.5E-2

1.0E-2

5.0E-3

0.0

0

200

400
Time (s)

(a) k

600

800

In(k)

-4.54 4
-5.0 1
-5.54 R
-6.0 4 E
-6.54 O In(k)
—— Fitting
-7.0 T T T
-6.0E-4 -5.8E-4 -5.6E-4 -5.4E-4

-UT
(b) In(k) versus -1/T

Fig. 9. Measurement results and kinetics model development, 4 mm Zhundong coal particle.



593

4 mm
_4.0E-4 O experiment -
a one-step
é = = =two-steps
g
&
< 2.0E-4+ E
o1l O experiment |
’ one-step
= = =two-steps
0.0 T T T T T 0.0 = . =
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time (s) Time (s)
(a) 4-mm, Na concentration in the solid phase (b) 4-mm, sodium flux
8.0E-4 T T T T
6 mm
O experiment
= 6.0E-4 Y one-step |
»go é‘) — - -two-steps
3 7 4.0E-4 % 1
< 0.6 E = %
Z Z
0.4 6 mm i
O experiment 2.0E-4 |
02] one-step i
= = -two-steps
UL J ; ' ' 0.0 ; : : :
L el U (LED L 0 350 700 1050 1400
Time (s)

Time (s)

(d) 6-mm, sodium flux
Fig. 10. Verification of sodium release kinetics against measurement results

(c) 6-mm, Na concentration in the solid phase
594

595



