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Abstract
The quantitative measurement of atomic sodium (Na) release, at high concentration,
from a burning black liquor droplet has been demonstrated using a planar laserinduced fluorescence (PLIF) technique, corrected for fluorescence trapping. The local
temperature of the particle was measured to be approximately 1700˚C, at a height of
10 mm above a flat flame burner. The PLIF technique was used to assess the temporal
release of atomic Na from the combustion of black liquor and compare it with the Na
concentration in the remaining smelt. A first-order model was made to provide insight
using a simple plug-flow reactor model based on the independently measured
concentration of residual Na in the smelt as a function of time. This model also
required the dilution ratio of the combustion products in the flat flame entrained into
the plume gas from the black liquor particle to be estimated. The key findings of these
studies are: (i) the peak concentration of atomic Na from the combustion of the black
liquor droplets is around 1.4 ppm; (ii) very little atomic Na is present during the
drying, devolatilisation or char combustion stages; and (iii) the presence of atomic Na
during smelt phase dominates over that from the other combustion stages.
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1. Introduction
Black liquor is the by-product of the Kraft pulping process. It consists of both
inorganic pulping chemicals and organic components of wood, mainly lignin [1].
Black liquor is an important source of renewable fuel within the pulp and paper
industry. It has a very high Na concentration, approximately 20 wt% (dry), compared
with other industrial fuels such as coal and wood, in which it typically spans 0.01–5
wt% (dry). Black liquor is conventionally burned in Kraft recovery boilers to recover
pulping chemicals and energy. However, it is also being considered as a feedstock for
alternative transport fuel. The black liquor gasification for motors fuels production
(BLGMF) is presently under development with a view to replacing conventional
recovery boilers. This process converts black liquor to biomass-based methanol and
dimethyl-ether (DME) [2]. At present, no measurements are available of the
concentration of Na in the plume of a burning black liquor droplet, or of its
temperature history. The present investigation aims to meet this need.

The release of Na during the combustion of black liquor is a significant source of
fume formation in a recovery boiler. This fume mainly consists of sodium sulphate
(Na2SO4) and sodium carbonate (Na2CO3) and is deposited on the surface of heat
exchanger tubes in the upper furnace, causing fouling and corrosion, especially to the
superheaters. This reduces the effectiveness of heat transfer, causes material failure
and also lowers overall black liquor throughput rates [3]. Fume is also difficult to
capture and contributes to air pollution. Hence there is a need for reliable models to
allow the optimisation of these processes, which in turn requires reliable data.
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The combustion of a single black liquor droplet is a process that can be divided into
the four stages of drying, devolatilisation, char combustion and smelt oxidation [4].
Many studies on the release of Na from black liquor combustion have been conducted
by the analysis of the Na left in the residue. Li and van Heiningen [5] have proposed
that most of the vaporised Na is released during the char combustion stage due to the
reduction of Na2CO3 by carbon. A study by Cameron [6] has suggested that a major
source of fume could be the significant amount of Na vapour released due to the
oxidation of sodium sulphide (Na2S) by Na2CO3. Kauppinen et al. [7] used several
different reactors and measuring devices and concluded that about 10% of Na is
released during pyrolysis from the droplet by fragmentation, as has also been
proposed by Verrill et al. [8]. Other researchers have used the chemical equilibrium
approach to predict fume formation in the lower furnace. One of these studies, by
Pejryd and Hupa [9], has suggested that the major gas-phase Na species within this
region are atomic Na and sodium hydroxide (NaOH), which agrees with Borg et al.
[10]. A recent study conducted by Saw et al. [11] using the equilibrium calculations
to model the distribution of the Na species from the combustion of a black liquor
particle in a flat flame also agrees with the previous studies.

These previous studies suggest that atomic Na could be a major contributor to fume
formation. However, no information on the release rate of atomic Na from black
liquor is available because it cannot be measured directly in those reactors or obtained
from the chemical equilibrium. New measurements of the temporal history of the
release of atomic Na are therefore required to assess its role directly and to support
the development of models that can be used to optimise these complex processes.
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Previous studies of atomic Na in flames have been conducted using point
measurements of laser-induced fluorescence (LIF) to determine the concentration
[12–13] and to assess the complex chemistry of Na in flame at various gas conditions
[13]. Those measurements, however, do not allow fluxes to be obtained. Later, twodimensional imaging of the release of atomic Na from a burning black liquor droplet
in a flat flame has been undertaken by Saw et al. [14] using planar laser-induced
fluorescence (PLIF). However those data only provide qualitative trends of atomic Na
concentration. More recently the quantitative measurement of atomic Na has been
performed, in the plume of a burning coal particle, in our laboratory by van Eyk et al.
[15]. This work established a relationship between the number density of atomic Na
and the measured fluorescence signal by a calibration against a known concentration
of Na solution. The number density of atomic Na was determined by the BeerLambert law and the fluorescence signal was measured directly from the Na plume
using an intensified charge-coupled device (ICCD) camera [15]. However, the
concentration of Na in coal is much less than in black liquor. The maximum
concentration of atomic Na for which quantitative data could be obtained was 80 ppb,
which was limited by the seeding approach and the large area of the flat flame burner.
Hence, the calibration technique cannot be applied directly to black liquor.

The study by Daily and Chan [12] has demonstrated that the effect of trapping on the
fluorescence signal will become significant if the concentration of atomic Na in the
flame (or the total absorptance) exceeds a threshold of 0.2 ppm (0.08 for the
absorptance). This is because when the fluorescence leaves the measurement volume,
a proportion of it will be absorbed and attenuated by Na atoms along the path to the
collection optics [16]. Also, collisional quenching of the atomic Na by other major
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gas components present in a flame such as, N2, CO2 and O2 reduces the PLIF signal
[17]. Hence, a new approach is needed to enable quantitative measurement of
concentrations found in the plume of a black liquor droplet. This requires firstly the
development of an iterative method to correct for fluorescence trapping, IFT. This
correction was obtained by adapting the correction method developed by Choi and
Jensen [18] to correct the measured laser induced incandescence (LII). However, such
a correction requires independent verification. To meet this need, the present
investigation aims are therefore: i) to develop a method to allow quantitative
measurement of atomic Na at concentration of order 1 ppm in the plume of a burning
black liquor droplet using a simultaneous absorption and fluorescence technique with
a correction method; ii) to provide further insight into the release of Na from black
liquor during combustion by developing a CHEMKIN model that incorporates Na
data from the smelt analysis; and iii) to cross check the measurements and the model
by comparing them with each other.

2. Experimental Technique
A sample of black liquor from a Swedish pulp mill, shown in Table 1, was used for
the measurements. The black liquor was burned in the flame provided by a flat flame
burner at two flame conditions, fuel lean (Øb = 0.9) and fuel rich (Øb = 1.25). Note
that the symbol Øb denotes the equivalence ratio of the burner gases alone, which
were held constant through an experiment, and ignores the contribution of the black
liquor droplet to the fuel, which varies throughout the experiment. The local gas
flame temperature at a height of 35 mm above the particle was measured to be
1700˚C during the period in which the droplet burns. Note that the temperature was
found to be similar with or without the droplet on the wire. A consistent quantity of
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black liquor (10 mg) was carefully applied to a loop (3 mm diameter) at the tip of a
platinum wire (0.5 mm diameter). The loop with the black liquor droplet was placed
about 10 mm above the tip of the flat flame burner, using a retort stand.

The flat flame burner comprised a matrix of small diffusion flames with the total
burner having dimensions of 80 mm × 100 mm. Details of the burner are described
elsewhere [15]. The burner was fed with local natural gas as the fuel and the
compressed air was supplied by the laboratory compressor. The total flow rate of fuel
and air to the burner was 65.8 L/min (STP). The laser sheet was aligned perpendicular
to the burner head and with the centre of the droplet. A co-flow of air was supplied
around the flat flame burner to stabilise the flame from flicker. The experiment is
thereby repeatable.

2.1. Laser and optical arrangement
The laser and optical arrangement in the present study is similar to that in Refs. 15
and 19. Two-dimensional images were obtained using PLIF with the arrangement
shown in Fig. 1. A tuneable dye laser (Lambda Physik, Scanmate), was pumped by a
Nd: YAG (Quantel, Brilliant b) laser. The dye laser was scanned around 16970 cm-1
to excite the D1 and D2 Na lines at 16960.95 cm-1 (589.59 nm) and 16978.22 cm-1 (589
nm), respectively. All the measurements were performed using the D1 line because of
the strong beam absorption observed with the D2 line. The pulse-to-pulse energy
variation was measured to be about 12%. The output radiation was directed to
appropriate cylindrical lenses to form a sheet of light (40 mm × 3 mm) through the
flat flame, located between two glass cells containing fluorescent dye calibrated for
laser intensity. The PLIF signal from the Na atoms was collected using a gated
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intensified CCD camera (Princeton Instruments ICCD-576) aligned orthogonal to the
laser sheet. A gate width of 10 ns was selected to minimise noise and background
radiation from the flame. Measurements were taken about 15 mm above the black
liquor droplet to avoid the scattered light from the particle and the platinum wire.
Images were recorded at five images per second.

For absorption measurements, the incoming and outgoing laser intensity was obtained
from the two dye cells. It is known that collisional quenching with major species play
an important role in LIF [17]. To account for the effects of collisional quenching due
to collisions with major species [17], both the PLIF and absorption signals were
collected simultaneously using the ICCD camera so that the fluorescence trapping
correction will also incorporates the effects of quenching.

A digital single-lens reflex (SLR) camera, directed at the droplet was operated at 3 Hz
to measure the history of droplet diameter and identify the stages of combustion
simultaneously with the laser measurement of the atomic Na. Note that only the stages
of combustion are reported here. To minimise the elastic laser scattering process, a
polarisation suppression technique was applied. This was achieved by placing a thin
film polariser in the front of the ICCD camera lens. No signal was observed when the
polarisation axis of the polariser was set perpendicular to the laser polarisation axis.

2.2. Smelt analysis
The combustion of each droplet was interrupted at various stages in the combustion
process by rapid cooling with cold nitrogen to assess the residue. The specific
exposure times in the flame were 10, 20, 40, 100, 200 and 300 s for Øb = 0.9, and 10,

8

20, 40, 80, 120, 160, 220 and 240 s for Øb = 1.25. The weight of the hook, together
with the residue, was measured and the weight of the residue determined by
subtraction. The hook was transferred to a container filled with 10 ml of distilled
water and rinsed for 30 minutes to ensure that all Na salts were dissolved. The Na
concentration of each solution was analysed by Inductively Coupled Plasma Atomic
Emission Spectrometry (ICP-AES).

2.3. Temperature measurement
The temperature of the flat flame was measured on the centre-line without a burning
droplet using a 0.5 mm diameter Type-R (Pt/Pt-13% Rh) thermocouple. The
measured temperatures were corrected for radiation losses using the radiation
correction equation of Fristrom and Westenberg [20]. The correction was typically
300ºC and the uncertainties were calculated to be ± 50ºC.

2.4. Estimation of dilution ratio of combustion products entraining into the
plume gas
A method was developed to estimate the diluted atomic Na concentration of the
combustion products (from the combustion of the natural gas and air) entrained into
the Na plume that is released from the black liquor particle. This method employs the
similarity solutions for a fully developed jet flow. It was adapted from the study
conducted by Becker et al. [21] on the nozzle-fluid concentration field of a round,
turbulent, free jet, taking the plume and the combustion products to be the jet and coflow, respectively. The constants in the standard laws of decay of the centre line
concentration, Cref/C, and growth of the concentration half-radius, b1/2, [21], as shown
in Eqs. (1) and (2), were obtained empirically from the PLIF measurements at the Na
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plume in the region where linear behaviour is closely approximated. Note that Cref
was taken to be the most upstream concentration measurement on the centre-line,
which is found approximately 15 mm above the particle.
b1/2 = C1(x – xo)

(1)

Cref/C = C2(x – xo)/ro

(2)

Here, C1 is the radial jet growth constant, C2 is the axial decay constant, xo is the
virtual origin and ro is the radius of the nozzle based on that of wire loop. A check was
made using the ratio of the cross-sectional area of the droplet plume divided by the
cross-sectional area of the burner.

2.5. Model development
A model of Na concentration as a function of dilution by combustion products
entrained into the Na plume for Øm = 0.9 and Øm = 1.25 was developed using the Plug
Flow Reactor (PFR) model in CHEMKIN 4.1 with GRI-Mech v3.0 [22] in
conjunction with the kinetic data for reactions of Na, H, O and S obtained from Refs.
23, 24 and 25. Note that the symbol Øm denotes the equivalence ratio of the model.
Chlorine (Cl) is not included in the model due to most of the chlorides being
vaporised during the devolatilisation and the early stage of the char combustion stages
[26]. The calculated Na concentration was then compared with the Single Equilibrium
Reactor (SER) model in the similar software. These models, however, can only be
considered to be qualitative. The main components of the smelt are Na2CO3 and Na2S
for Øm = 1.25 with the Na2S converted to Na2SO4 under oxidizing conditions [4],
which applies for the Øm = 0.9 case used in this study. These Na salts, Na2CO3, Na2S
and Na2SO4, decompose at 860ºC, 1172ºC and 884ºC, respectively [27], which is well
below the temperatures found in this study. Studies of alkali carbonates and sulphates
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have concluded that these species are relatively unstable molecules in a flame
environment [25, 28]. However, the kinetic reactions of Na-S are included in this
model.

The composition of the combustion products from the gas burner for both
stoichiometries was calculated using the Pre-Mixed Burner model with GRI-Mech
v3.0 [22]. The gas released from the particle was assumed to be the difference
between the initial and residual mass of the particle at the specific exposure time. In
these calculations, the residence time is sufficient to allow the system to reach
equilibrium and the temperature was set to the measured values of 1700ºC for both
stoichiometries.

3. Fluorescence Trapping Correction
The concentration of atomic Na released from a burning black liquor droplet can be
determined using the Beer-Lambert law as shown in Eq. (3). A brief description of the
calculation is provided here, with full details described elsewhere [15]. Here, Ii and Io
are the incoming and outgoing intensity, α is the coefficient of absorption at
frequency ω, and x is the path length of the laser through the measured plume between
Dye Cells 1 and 2 (Fig. 1). The absorption cross section, σa, for the Na D1 line
transition shown in Eq. (4), can be calculated from the Einstein coefficients of the
transition as described in Ref. 15.
⎛I ⎞
ln⎜⎜ i ⎟⎟ = ∫0xα (ω) x dx
I
⎝ o⎠

(3)

α (ω) = n σa (ω)

(4)

Figure 2 presents a raw image of Na plume and the incoming and outgoing laser sheet
profile from Dye Cell 1 and 2, respectively. Note that the radial distances between the
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dye cells and the Na plume as shown in Fig. 2 are not to scale. As expected, the signal
intensities from Dye 2 are significantly lower than that from Dye 1 due the absorption
by the atomic Na in the Na plume (Fig. 2). The average laser fluence throughout the
experiment was approximately 28 J/m2 with a variation of 12%. A linear relationship
between the number density of atomic Na and the normalised fluorescence intensity
was found by van Eyk et al. [15] over the range of intensities assessed for those coals.
For that optical arrangement, the relationship is described by Eq. (5).
⎞
⎛ I Na
⎟ atoms/m3
⎜ I ( Na, 50g / l ) ⎟
⎠
⎝

n = κ1 ⎜

(5)

where κ1 = 2.91x1017 atoms/m3, INa = the measured intensity and I (Na, 50 g / l ) = the
incident laser intensity reference to a 50 g/l of Na2CO3 and can be obtained from Eq.
(6).
I (Na, 50g / l ) m

=

(

κ 2 In ΦOut, m

)+

κ3

(6)

Here Φout,m is the fluence (J/m2), and κ2 = 6224.5 and κ3 = 2256.1 are dimensionless
constants. These particular values of κ1, κ2 and κ3 are also applicable in the present
study due to the laser, optical and ICCD camera settings being similar to those in Ref.
15. The term ‘m’ refers to the incremental distance across the imaged incremental
volume. In the present arrangement, the fluorescence will be absorbed by the atomic
Na along the path to the ICCD camera as shown in Fig. 3. This fluorescence trapping,
IFT is a smooth function and it will only become significant as the concentration of Na
in the plume exceeds a threshold of measurement resolution [12]. Here, it is necessary
to correct for both absorption and IFT simultaneously in our range of operation.

A relationship between IFT and absorption can be established by introducing a
correction factor into Eq. (5) and combining of Eqs. (3) and (4), as shown by the
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iterative Eqs. (7) and (8). A relationship between the fluorescence signal from the dye
cells and the laser fluence was obtained by converting Iin and Iout to Φin and Φout,
respectively. Here θm can be calculated from Eq. (9). In this way, the actual atomic Na
concentration can be obtained through the following steps:
nm

=

⎛
I Na
κ1⎜
⎜ I (Na, 50g / l ) m
⎝

⎞
⎟(C sin (θ ) + 1)
m
⎟ m
⎠

(7)

where r = radius of Na plume and the initial value Cm = 0 (no correction)
ΦOut , m

=

ΦIn, m

e (n m σ a

θm = cos-1

(8)

∆x )

⎛r−m⎞
⎜
⎟
⎝ r ⎠

2

(9)

A correction factor, Cm, which is set to 0 for the first iteration, is used to correct the
measured intensity of each pixel as shown in Eq. (7). First, the number density of the
first pixel in the Na plume after Dye Cell 1 is calculated using Eq. (7). This assumes
the Na plume is axisymmetric so that the maximum IFT occurs at the centre of the
plume and that half the total absorption occurs there. Note that the axisymmetric
assumption is validated by comparing the left- and right-hand sides of the corrected
images. The sine function in Eq. (7) is used because no correction is required for θm =
0º or 180º and the maximum correction is required at θm = 90º. The out-going laser
fluence from the first pixel, Φout, can then be calculated using Eq. (8) as shown in Fig.
4. The value of Φout from the first pixel is set to equal Φin for the second pixel and so
on. In this way, Eq. (6) can be used to calculate the number density as imaged by the
second pixel. This procedure is continued to the last pixel-volume of the Na plume.
The percentage of total IFT can be calculated by the difference between the total
measured absorption and calculated intensity leaving the last pixel. The factor Cm is
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increased by 0.01 iteratively until the final measured Φout equals the final calculated
Φout.

The total amount of atomic Na (in percentage of black liquor solids, BLS) released is
calculated from the integration of the mass flux, ΦNa, across the Na plume over time.
The mass flux is obtained from the area-based integral of atomic Na concentration,
nm, after correction for trapping, through the circular cross-section of the plume from
xm to xc, multiplied by the mean gas velocity of the flame, Ū shown in Eq. (11). Here,
the gas velocity is calculated using the ideal gas law.
ΦNa,m = nm × (π ((xc – xm) 2 - (xc – xm+1)2) ) × Ū

(11)

Similar procedures are repeated at incremental heights through the laser sheet to
obtain the atomic Na concentration and the mass flux.

4. Results
A relationship between IFT and absorption, A was obtained from the previous
equations and the measured A for a range of excess oxygen (O2) concentrations in the
flame is shown in Fig. 5. Note that the range of O2 concentrations was 0–3.7%. It is
evident that IFT becomes significant only when A > 5%. The average of 25 successive
corrected images of the atomic Na plume during the smelt phase at t = 20–25 s is
shown in Fig. 6. Note that Fig. 6 is the corrected image of Fig. 2 and the left-hand and
right-hand sides of the corrected image were found to be symmetrical. It can be seen
that the peak signal is about 0.9 ppm for Øb = 0.9 and 1.4 ppm for Øb = 1.25. The
images obtained in the other stages were qualitatively similar, but have lower values.
Note that the laser radiation absorption by polycyclic aromatic hydrocarbon (PAH)
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found to be less than 1% of the laser radiation absorption by the atomic Na under fuel
rich conditions. This was assessed by de-tuning the laser 1 nm off the D1 line.
Table 2 presents the results of the analysis of the images obtained from the SLR
camera, used to determine the duration of each stage of the black liquor combustion.
The first three stages were easily detectable but the last stage of smelt oxidation,
distinct by the intense glow of salt residue [4], could not be separated from the glow
of the salt itself at the high temperatures in the flame. No significant influence of O2
concentration on the drying and devolatilisation time was observed for either
condition. However, the time to complete the combustion of the char was 11.5 s (t =
4.4–16.2 s) for Øb = 1.25 compared with 6.2 s (t = 4.4–10.6 s) for Øb = 0.9 as shown
in Table 2. Figures 7 and 8 present the concentration of atomic Na as a function of
time at a distance of 20 mm above the black liquor droplet in the centre of the plume
for both conditions with and without the signal-trapping correction. Each of the points
shown in Figs. 7 and 8 represents an average of 5 pixels (5 × 1) at the centre-line of
the Na plume. A small amount of atomic Na was detected by the PLIF technique
during the drying stage for both conditions as shown in Figs. 7a and 8a. The
concentration of atomic Na released during the devolatilisation was higher than that
during the char combustion and drying stages. No significant correction of the release
of atomic Na is required during the drying, devolatilisation and char combustion
stages. Note that the interference of Mie scattering from soot particles that occurs
during the devolatilisation stage, was estimated to be less than 1%. The possible
presence of fume formation within the measurement volume throughout the
combustion stages (if any), was below detection limits. These were assessed by detuning the laser 1 nm off the D1 line. Therefore, the heterogeneous formation of solid
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and liquid Na salts from the gaseous Na in the plume can be neglected. Hence, too,
the use of polarising filters was found to be sufficient.

For Øb = 1.25, the concentration of atomic Na peaked at 1.5 ppm at the beginning of
the smelt phase (21 s) as shown in Fig. 7b. Under these conditions, the correction
accounts for some 90% of the final value, with the uncorrected value being 0.16 ppm.
For Øb = 0.9, the peak concentrations of atomic Na was 0.65 ppm at 15 s, a factor of
4.6 times the 0.14 ppm without the correction, as shown in Fig. 8b. Complete
combustion for Øb = 1.25 and Øb = 0.9 occurs at approximately 240 and 550 s,
respectively. The duration of the combustion stage is about 2.5 times longer for Øb =
0.9 than for Øb = 1.25. The measured concentration of the atomic Na release during
the smelt phase of black liquor combustion is underestimated by at least an order of
magnitude without correction, as is shown in Figs. 7 and 8. From the smelt analysis,
no significant release of Na was detected for the first 20 s for both conditions, as is
shown in Figs. 7b and 8b. Approximately 60% and 90% of Na is volatilised between
t = 20-160 s, during the smelt phase, for Øb = 0.9 and Øb = 1.25, respectively.
Practically, all of the Na has been released by 300 s for Øb = 0.9 and by 240 s for Øb =
1.25. Some atomic Na was still detected between t = 300–550 s even though the
percentage of Na in the residue is almost zero at 300 s.

The concentration of the atomic Na was found to be constant with axial distance at a
height of x/ro = 26, above the particle and sufficiently far from the particle surface to
be unaffected by surface reactions (Fig. 10). This suggests that the plume velocity
there has equilibrated to that of the surrounding gas, and mixing is negligible. By
ignoring the entrainment of ambient air and shroud gases into the burner gas, the
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velocity can be calculated from the ideal gas law. Within this region, the temperature
and pressure are also approximately constant, and atomic Na can be expected to be
close to equilibrium. The total amount of atomic Na released during char combustion
was estimated by this approach to be 1.25 × 10-3 % for Øb = 0.9 and 2.54 × 10-3 % for
Øb = 1.25. These amounts are approximately half an order of magnitude higher than
that released during the drying and devolatilisation stages due to the longer duration
of the char combustion stage (Table 2 and Fig. 9). The most significant release of
atomic Na is found to occur during the smelt phase for both conditions. This accounts
for approximately 99.9% of the total release of atomic Na for through all stages of
combustion. The total atomic Na released for Øb = 1.25 was found to be 0.4%, which
is 50% higher than that for Øb = 0.9 as shown in Fig. 9 although the duration of the
combustion is about 2.5 times shorter for Øb = 1.25 than for Øb = 0.9.

As described in Section 2, the dilution ratio was estimated assuming a jet, based on
the analysis of Becker et al. [21]. For this estimate, the diameter of the nozzle was
based on that of wire loop, i.e. 3 mm, so that ro = 1.5 mm and the measured atomic Na
concentrations for both stoichiometries were obtained during the smelt phase at the
period of t = 20–40 s. The value of C1 for Øb = 0.9 and Øb = 1.25, respectively, was
obtained from the relationship between the normalised concentration half-radius, b1/2,
and the distance from the nozzle, x/ro. The value of C2 for Øb = 0.9 and Øb = 1.25,
respectively, was obtained from the relationship between the reciprocal of the
normalised centre-line mean concentration, Cref/C as shown in Fig. 10. Both values of
C1 and C2 were obtained over the axial range 10 < x/ro < 25.5, for Øb = 0.9 and 11.8 <
x/ro < 23.3, for Øb = 1.25 as shown in Table 3.

17

The linear dependence of both Cref/C and b1/2/ro on x/ro within the “mixing region” of
the Na plume and the combustion products is shown for both stoichiometries in Fig.
10. Note that the plume temperature along the centre-line was approximately constant.
Further evidence that the flow is self similar in the “mixing region” can be found in
the normalised radial profiles of the mean concentration, C/Cc, shown in Fig. 11.
Theses profiles can be described by Eq. (12). By integrating the f (r/r1/2) of each of the
selected x/ro, the averaged area under the normalised concentration profile was
calculated to be 28% of the area of the centre-line concentration for Øb = 0.9 and 30%
for Øb = 1.25.
C/Cc= f (r/r1/2)

(12)

The concentration of atomic Na diluted by the combustion products entrained into the
Na plume can then be calculated x/ro = 26 from the inverse of Cref/C multiplied by the
averaged area under the normalised concentration profile. The comparison of these
estimates of the diluted atomic Na concentration with those calculated from the crosssectional area of the Na plume divided by that of the burner for both stoichiometries is
presented in Table 3. The two methods agree for Øb = 1.25. However, for Øb = 0.9,
the diluted atomic Na concentration calculated from the Na plume cross-sectional area
is almost 40% below the similarity value as shown in Table 3.

At a height of x/ro = 26 above the particle, it was found that Cref/C = 2.82 and 2.1 for
Øb = 0.9 and Øb = 1.25, respectively. These values correspond to 35% and 48% of the
concentration of atomic Na being diluted by 65% and 52% of the combustion
products for Øb = 0.9 and Øb = 1.25, respectively. The average of the measured
atomic Na concentrations for Øb = 0.9 at the exposure time of t = 20–40 s, 40–100 s,
100–200 s and 200–300 s at the centre-line was found to be 0.41, 0.29, 0.24 and 0.09
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ppm, respectively, while that of the calculated Na concentrations was found to be
0.86, 0.33, 0.56, and 0.133 ppm, respectively. For Øb = 1.25, the average of the
measured atomic Na concentrations at the exposure time of t = 20–40 s, 40–80 s and
80–120 s at the centre-line was found to be 0.58, 0.63 and 0.65 ppm, respectively,
while that of the calculated Na concentrations was found to be 1.9, 3.4 and 2.7 ppm,
respectively, as shown in Fig. 12. Note that the calculated distribution of the Na at
equilibrium using the PFR model agreed well with the SER model. The models were
found to over-estimate the average of the atomic Na concentrations by a factor of 1.7
for Øb = 0.9, and a factor of 3.3 for Øb = 1.25 as shown in Fig. 12. The range of
results calculated from model for both stoichiometries had an estimated rms of
± 40%, based on the input Na from the smelt analysis at the different exposure times.
The error bars on the measured atomic Na concentrations for both stoichiometries
were found to be approximately ± 25% and details of the uncertainties are described
in Section 5. Hence the model and experiments agree within experimental uncertainty
for Øb = 0.9 and within a factor of about 2 for Øb = 1.25.

The major Na species in the gas-phase are calculated using the PFR model to be Na
and NaOH during the smelt phase at t = 20–40 s for both stoichiometries, as shown in
Fig. 13. Note that the distribution between gaseous Na and NaOH is equivalence ratio
dependence and the kinetic reactions reach equilibrium within 15 ms. Other Na
species identified in both the models were NaO, NaO2 and NaSH. However, only
volume concentrations above 0.0001 ppm are as shown in Fig. 13. The calculated
concentration of Na for Øm = 1.25 is approximately 3.5 times higher than that for Øm
= 0.9. This is slightly larger than the factor of 1.5 times larger found by the PLIF
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measurements during the smelt phase at t = 20–40 s, when differences between Øm
and Øb are small.

5. Discussion
The effect of collisional quenching on the fluorescence signal is accounted for in the
information from the measured absorption, which is not affected by the quenching.
The fluctuation between the points shown in Figs. 7 and 8 is primarily due to the
inconsistency of the laser power, although a laser measurement correction method for
these variations has been applied. The rms in the scatter of the corrected INa was
calculated to be about ± 25% for Øb = 0.9 and ± 23% for Øb = 1.25. This accounts for
the variation in the laser fluence, fluctuations in the release of atomic Na from the
burning black liquor droplet, the fluorescence trapping correction and uncertainties in
the linear relationship between the number density of atomic Na and the normalised
fluorescence intensity based on the assessment of van Eyk et al. [15] for their coals as
shown in Table 4.

The average of the atomic Na concentrations measured with PLIF were found to
underestimate it by a factor of 2.0 for Øb = 0.9, and a factor of 4.5 for Øb = 1.25.
Importantly, this confirms that the correction for fluorescence trapping, while large in
the smelt phase, is not an over correction, since the PLIF values fall below the
equilibrium values. Contributing causes to the discrepancy of the model are as
follows. The atomic Na concentrations were not measured simultaneously with the
smelt analysis. This can cause differences due to variation of the swelling of each
black liquor droplet during combustion. The rapid cooling is not instantaneous and
there are also analytical and instrumental errors from the smelt analysis. In addition
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errors from the mixing model and equilibrium calculation caused by the uncertainties
of the PLIF measurement and flame temperature, respectively. Note that the mixing
model has less uncertainty than the quantitative PLIF because it only depends on the
half-width and centre-line decays. Therefore, this does not need the absolute
correction.

That the major Na species calculated with the model are NaOH and Na for both
conditions agree with previous studies [9–11]. The study by Schofield and Steinberg
[25] has shown the significance of sulphur on the Na–S chemistry under fuel rich
conditions, with the S/Na ratio of at least 5 orders of magnitude greater. However, no
significant influence of sulphur on the Na–S chemistry is found in the present study
due to the S/Na ratio being approximately an order of magnitude smaller. Most of the
sulphur content was calculated to be converted to SO2 rather than Na–S species for
both conditions.

The average measured total flux of atomic Na for Øb = 1.25 was found to be 1.5 times
that for Øb = 0.9, while the average calculated ratio was approximately 5. The main
reasons for this difference are expected to derive from the assumption in the model
that the gases are well mixed, while significant gradients are clearly present in the real
plume. In addition, the mass flux of the atomic Na is also dependent on the area of the
plume, as shown in Eq. (9).

The analysis of Na left in the residue provides useful additional information on the
total Na release from the burning black liquor droplet. These show that insignificant
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Na is released during the drying, devolatilisation and char combustion stages
compared with that during the smelt phase.

6. Conclusions
A quantitative measurement of high atomic Na concentration release of a burning
black liquor droplet with a method to correct for the fluorescence trapping IFT has
been demonstrated. The overall accuracy of this method is estimated to be
approximately ± 25% for Øb = 0.9 and ± 23% for Øb = 1.25. Nevertheless, the high
concentration of atomic Na during smelt phase results in the size of the correction
being about 90% of the final value, justifying an independent assessment. The
independent assessment was performed using equilibrium calculations based on the
estimated dilution of plume gases with gas combustion gases, and measured mass
losses from the particle obtained separately, via rapid cooling. This was found to give
reasonable agreement with LIF for Øb = 0.9, but to under estimate by a factor of four
for Øb = 1.25. Importantly, the independent values are higher than the PLIF values,
confirming that the correction, while large, is not over estimated.

The key findings of these assessments are:
(i) the incorporation of a correction for fluorescence trapping allows reliable
measurement of the distribution of atomic Na by PLIF at concentrations of 1 ppm, as
can occur during black liquor combustion;
(ii) the concentration of atomic Na during the stages of drying, devolatilisation and
char combustion is an order of magnitude less than that in smelt phase, of the order of
0.1 ppm in the present experiments;
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(iii) the total mass flux of atomic Na during the combined stages of drying,
devolatilisation and char combustion stages is very small, at 0.003% of black liquor
solids for the present conditions, and two orders of magnitude less than the 0.3% in
smelt phase; and
(iv) both the concentration and mass flux of atomic Na exhibit a relatively weak
dependence on the stoichiometry of the burner gases, being no more than about 60%
higher for Øb = 1.25 than for Øb = 0.9 under the present conditions. This is
significantly less than predicted by the models.
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Table 1
The elemental composition of the black liquor, given as percent of dry solid content
Element
Carbon
Hydrogen
Nitrogen
Sulphur
Sodium
Potassium
Chlorine
Oxygen (by balance)

%
30.3
3.5
0.2
3.74
22.0
1.59
0.05
38.6

26

Table 2
Typical duration of each combustion stage
Combustion stage
Øb=0.9
Øb=1.25
1. Drying
0-2.4 s
0-2.5 s
2. Devolatilization 2.4-4.4 s 2.5-4.7 s
3. Char combustion 4.4-10.6 s 4.7-16.2 s
4. Smelt oxidation
n/d
n/d
n/d = not detectable due to the glow of the residue
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Table 3
Estimation of the diluted atomic Na concentration for Øb = 0.9 and Øb = 1.25
Øb = 0.9

Øb = 1.25

C1

0.226

0.184

C2

0.181

0.117

Axial range of near-linear behaviour, x/ro
Area under the normalised concentration profile
of the area of the centre-line concentration (Fig. 11)
Diluted atomic Na concentration at x/ro = 24
(calculated from Becker [21])
Diluted atomic Na concentration at x/ro = 24
(calculated from plume cross-sectional area)

10 – 25.5 11.8 – 23.3
28%

30%

9.8%

14.7%

16%

16%
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Table 4
The component of the uncertainties of the INa for Øb = 0.9 and Øb = 1.25
Component of the uncertainties

Øb = 0.9

Øb = 1.25

Laser fluence variation

± 12%

± 12%

Fluctuations in the release of atomic Na

± 2%

± 4%

Fluorescence trapping correction

± 5%

± 1%

± 6%

± 6%

± 25%

± 23%

The linear relationship between the number density of atomic
Na and the normalised fluorescence intensity based on the
assessment of van Eyk et al. [15]
Overall
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FIGURE CAPTIONS
Figure 1: The experimental apparatus used to image atomic Na by PLIF and also
absorption, during the combustion of a black liquor droplet.

Figure 2: Raw image of the atomic Na PLIF signal from the plume and from the two
dye cells, from which the laser sheet profile and absorption can be obtained. [Note: au
= arbitrary units]

Figure 3: Schematic diagram of the effects of absorption and fluorescence trapping,
IFT.

Figure 4: Schematic diagram of IFT correction on each pixel.

Figure 5: The variation of Fluorescence Trapping, IFT with Absorption, A.

Figure 6: The average of 25 successive two-dimensional images of the concentration
of atomic Na during the smelt phase at t = 20-40 s for a) Øb = 0.9 and; b) Øb = 1.25.

Figure 7: The concentration of atomic Na in the plume of a droplet of black liquor
during each stage of combustion with (□) and without (∆) the trapping correction for
Øb = 1.25 at a) t = 0–20 s; and b) t = 0–300 s and the mass fraction of Na left in the
residue over time. The stages marked as ‘1’ to ‘4’ are identified in Table 2; BLS =
black liquor dry solids.
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Figure 8: The concentration of atomic Na in the plume of a droplet of black liquor
during each stage of combustion with (□) and without (∆) the trapping correction for
Øb = 0.9 at a) t = 0–20 s; and b) t = 0–600 s and the mass fraction of Na left in the
residue over time. The stages marked as ‘1’ to ‘4’ are identified in Table 2.

Figure 9: Total atomic Na released during the drying, devolatilization, char
combustion and smelt phase stages at equilibrium at a height of x/ro = 26.

Figure 10: The normalised concentration half-radius, and the reciprocal of the
normalised centre-line mean concentration, as a function of distance from the nozzle
for Øb = 0.9 and 1.25.

Figure 11: The normalised radial profiles of the mean concentration, C/Cc, within the
near-linear mixing region a) Øb = 0.9 and b) Øb = 1.25.

Figure 12: Comparison of the average of the measured atomic Na concentrations
using PLIF, with the calculations based on equilibrium of measured residue and the
respective Cref/C, at different exposure time for a) Øb = 0.9 (experiment), Øm = 0.9
(model) and b) Øb = 1.25, Øm = 1.25.

Figure 13: The distributions of the major Na species based on equilibrium of
measured residue and the respective Cref /C at t = 20–40 s as a function of residence
time for Øm = 0.9 and Øm = 1.25.

31

Figure 1

32

45
Relatitve
Intensity (au)

8000

X (mm)

35

6000
4000
25
2000

15
−50−40−30−20−10 0 10 20 30 40 50

r (mm)

Figure 2

33

Figure 3

34

Figure 4

35

Fluorescence Trapping, IFt (%)

30
25
20
15
10
5
0
0

10

20

30

40

Absorption, A

Figure 5

36

45

X (mm)

[Na]
(ppm)

35

0.8
0.6
0.4

25

0.2

15
−20

−10

0

r (mm)

10

20

a)

Figure 6

37

45

X (mm)

[Na]
(ppm)

1.4
1.2
1
0.8
0.6
0.4
0.2

35

25

15
−20

−10

0

r (mm)

10

20

b)

Figure 6

38

0.5
with correction
without correction
Na in residue

0.4

[Na](ppm)

1

3

2

4

0.3
0.2
0.1
0
0

5

10

15

20

Time (s)

a)

Figure 7

39

100
with correction
without correction
80
Na in residue

[Na](ppm)

1.5

60
1
40

0.5

0
0

20

50

100

150

200

250

0
300

Na in residue (% of Na in BLS)

2

Time (s)

b)

Figure 7

40

0.5

[Na] (ppm)

0.4
0.3

1

2

4

3

0.2
0.1
0
0

5

10

15

20

Time (s)

a)

Figure 8

41

100
with correction
without correction
80
Na in residue

[Na](ppm)

0.8
0.6

60

0.4

40

0.2

20

0
0

100

200

300

400

500

0
600

Na in residue (% of Na in BLS)

1

Time (s)

b)

Figure 8

42

Total atomic Na release (% of BLS)

0

10

Øb = 0.9
−1

Øb = 1.25

10

−2

10

−3

10

−4

10

Drying

Devol.

Char
Combustion

Smelt

Figure 9

43

4
Øb = 0.9

Cref /C

3

Øb = 1.25

Mixing

2
Equilibrium
1

0
5

10

15

20

25

30

35

x/r

o

a)

Figure 10

44

7
Øb = 0.9
6

Øb = 1.25

Mixing

b1/2 /ro

5
4
Equilibrium

3
2
1
5

10

15

20

25

30

35

x/r

o

b)

Figure 10

45

1
x/ro = 10.0
x/r = 13.3

0.8

o

x/r = 16.7

C/Cc

o

x/ro = 20.0

0.6

x/ro = 23.3
0.4
0.2
0
0

1

2

3

4

r/r

1/2

a)

Figure 11

46

1
x/ro = 13.3
x/ro = 16.7

0.8

x/r = 20.0

C/Cc

o

x/ro = 23.3

0.6
0.4
0.2
0
0

1

2

3

4

r/r

1/2

b)

Figure 11

47

1.4
PFR and SER Models
PLIF Measurement

1.2

[Na](ppm)

1
0.8
0.6
0.4
0.2
0

t = 20−40s t = 40−100s t = 100−200s t = 200−300s

a)

Figure 12

48

6
PFR and SER Models
PLIF Measurement

[Na](ppm)

5
4
3
2
1
0

t = 20−40 s

t = 40−80 s

t = 80−120 s

b)

Figure 12

49

1

10

Øm = 0.9
Øm = 1.25

0

[Na](ppm)

10

−1

10

−2

10

−3

10

−4

10

NaOH

Na

NaO

NaO

2

NaSH

Figure 13

50

