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ABSTRACT

Two important factors that affect in-stack opacity—light
extinction by emitted particles and that by water mois-
ture after a flue gas desulfurization (FGD) unit—are inves-
tigated. The mass light extinction coefficients for particles
and water moisture, k, and k., respectively, were deter-
mined using the Lambert-Beer law of opacity with a non-
linear least-squares regression method. The estimated k,
and k, values vary from 0.199 to 0.316 m?/g and
0.000345 to 0.000426 m?/g, respectively, and the overall
mean estimated values are 0.229 and 0.000397 m?/g, re-
spectively. Although k,, is 3 orders of magnitude smaller
than k,,, experimental results show that the effect on light
extinction by water moisture was comparable to that by
particles because of the existence of a considerable mass
of water moisture after a FGD unit. The mass light extinc-
tion coefficient was also estimated using Mie theory with
measured particle size distributions and a complex refrac-
tive index of 1.5-ni for fly ash particles. The k, obtained
using Mie theory ranges from 0.282 to 0.286 m?/g and is
slightly greater than the averaged estimated k,, of 0.229

IMPLICATIONS

In-stack opacity is used as a surrogate for particle con-
centration and can be measured using light transmission
meters as part of a continuous emission monitoring sys-
tem. Because emission standards have become increas-
ingly strict, FGD with wet scrubbing is generally used for
coal-fired power plants. However, after a FGD unit with
wet scrubbing is set up, the concentration of water mois-
ture increases, affecting the measured opacity. This
study evaluates the contributions of particles and water
moisture to opacity. The results should provide useful
information and can be utilized for modifying measure-
ments for monitoring particulate emissions using
opacity.
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m?/g from measured opacity. The discrepancy may be
partly due to a difference in the microstructure of the fly
ash from the assumption of solid spheres because the fly
ash may have been formed as spheres attached with
smaller particles or as hollow spheres that contained solid
spheres. Previously reported values of measured k, ob-
tained without considering the effects of water moisture
are greater than that obtained in this study, which is
reasonable because it reflects the effect of extinction by
water moisture in the flue gas. Additionally, the moisture
absorbed by particulate matter, corresponding to the ef-
fect of water moisture on the particulates, was clarified
and found to be negligible.

INTRODUCTION

Opacity is defined as the percentage of transmitted light
that is obscured as it passes through a medium. The
obscuration is caused by extinction, which consists of
absorption and scattering by constituents in the me-
dium.2 In a coal-fired power plant, in-stack opacity is
generally measured in situ using light transmission me-
ters as part of a continuous emission monitoring system
(CEMS). Opacity is a function of particulate concentra-
tions and many other independent optical and physical
variables, such as particle size distribution, particle den-
sity, refractive index of particles, and nitrogen dioxide
and sulfuric acid concentration in the exhaust gas, as
examined in previous studies. The extinction of a con-
stituent is usually expressed in terms of mass extinction
coefficient (k),34 the extinction coefficient (k multi-
plied by concentration), or the ratio of specific partic-
ulate volume to mass extinction coefficient (K).5-2 The
Lambert-Beer law states that opacity due to constitu-
ents that contribute to the decay of intensity in a col-
limated beam with an optical path length (L) can be
expressed as3
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1— Ily= 1 - exp[~(Wiky + Woks + .. WK)L]
1 — exp[—(Wi/(Kipy) + W,/(Kzpp) + .. Wi/ (Kipy))L]
(1)

Opacity

where W is the mass concentration, k is the mass extinc-
tion coefficient (m?/g), K is the ratio of the volume of a
specific particulate to the mass extinction coefficient
(cm3/m?), p is the density of the substance, and subscript
i denotes the contribution of species i. k and K are depen-
dent on the composition, size distribution, relative refrac-
tive index, and the beam wavelength. The Lambert-Beer
equation applies at conditions in which multiple scatter-
ing is negligible.

For experiments on a Kraft mill recovery furnace,
BoschS and Larssen et al.¢ utilized a bolometer and a
smoke meter, respectively, to compare the theoretical
and measured opacities due to particles. The calculated
K values for 18 tests were in the range of 0.80-1.20
cm?®/m?; the variation was due to variations in the size
distribution parameters. Thielke and Pilat” conducted
simultaneous measurements of the in-stack opacity,
particle mass concentration, and particle size distribu-
tion of a hogged-fuel boiler, a Kraft recovery furnace,
and a pulverized coal-fired boiler to assess the validity
of the particle mass concentration-opacity relationship.
The results of their study indicate the importance of
using the actual particle size distribution (particle di-
ameter range of 0.2-10 pm) for predicting the relation-
ship between transmittance and mass concentration.
Ensor and Pilat® studied the effects of particle size on
opacity using the Lambert-Beer law to determine the
parameter K at a coal-fired power plant. Their results
showed that K is primarily a function of particle size for
particles with radii greater than approximately 0.5 pm
and is primarily a function of the refractive index for
smaller particles. They also studied the effect of particle
size distribution on light transmittance measurements.®
The ratio of the expected extinction coefficient to the
theoretical extinction coefficient was reported to be a
function of the log-normal size distribution parameters
(geometric mass mean radius and geometric standard
deviation) for various detector acceptance angles. Co-
wen et al.’° measured the fly ash light absorption for
coal-fired boilers with the integrating plate method.
They analyzed the absorption of fly ash samples from
four types of coal-fired power plants with various unit
ratings and studied the theoretical modeling of smoke
plume opacity. By the integrating plate method, which
is defined as comparing the light absorption through a
clean blank filter to one with a single layer of aerosol,
only absorption is measured and the scattering effect is
diminished. Steig and Pilat!! performed simultaneous
measurements of in-stack light transmittance, particle
mass concentration, and particle size distribution at a
pulverized coal-fired boiler. The measured values of K,
which ranged from 0.68 to 0.90 cm®/m?, were consis-
tently lower than the theoretically calculated values
because of an assumed particle density of 1 g/cm?.
Conner and Knapp!? evaluated the particle concentra-
tion and light attenuation for coal-fired power plants
with electrostatic precipitators (ESPs); the value of K
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varied from 0.11 to 7.50 cm?®/m?. Pilat and Ensor!3
measured and calculated the light extinction versus
aerosol mass concentration relationship for atmo-
spheric and source emission aerosols. The measured
values of K ranged from 0.26 to 0.49 cm*/m? and from
0.06 to 0.78 cm?®/m? for atmospheric aerosol and indi-
vidual source emission, respectively. In addition to the
effects due to particles, the emissions of sulfur trioxide
(SO;) were a key component of opacity and acid depo-
sition and need to be low enough to not cause opacity
violations and acid deposition.'* The emission of SO,
depended on the sulfur content in coal, combustion
conditions, flue gas characteristics, and air pollution
devices. Pilat and Wilder!s calculated the effect of the
initial water and sulfuric acid (H,SO,) concentrations
and final gas temperature on the opacity after cooling
from an original stack gas temperature at 300 °C and
found significant effects for initial H,SO, concentra-
tions greater than 5 parts per million (ppm). They fur-
ther evaluated the effects of particle size and found that
H,SO, condensation should have minimal effects on
particles greater than 1 pm.!¢ Lou et al.” established an
empirical equation similar to Beer’s law that was used to
predict the plume opacity in terms of the stack diameter
and concentrations of particles and total water-soluble
sulfates. Meng et al.’8 presented a computer simulation
model that calculates the opacity due to primary parti-
cles emitted from the stack and secondary particles that
form (such as SO; hydrolyzes to H,SO,, hydrochloric
acid [HCl], and ammonia [NH;]) in the atmosphere
after the release of condensable gases from the stack.
Lindau3 measured the effect of nitrogen dioxide (NO,)
on the flue gas opacity and demonstrated that for a
coal-fired boiler with a NO, concentration of approxi-
mately 10-50 ppm, the effect is approximately 2-10%.
Wieprecht et al.1® concluded that the water droplets
within the flue gas after a flue gas desulfurization (FGD)
unit were mainly formed via condensation onto fly ash
particles. Although mist eliminators for coarse and fine
droplets are highly efficient in FGD, some water mois-
ture still remains.

The above literature illustrates that in-stack opacity
is strongly correlated with various factors such as par-
ticle mass concentration, particle size distribution, and
particle density as well as the H,SO, and NO, concen-
trations. The concentration of water moisture increases
after a FGD unit with wet scrubbing is installed, but the
effect of water moisture on opacity has not been fully
evaluated. In the study presented here, experiments
were conducted at a full-scale coal-fired power plant to
analyze the effects of particles and water moisture on
opacity. The parameters K, and K,, (subscripts p and w
denote particles and water moisture, respectively) and
the mass extinction coefficients k,, and k,, for emitted
particles and water moisture, respectively, in the flue
gas that leaves a FGD unit were determined. The pa-
rameters of K, and K,, were determined using nonlinear
least-squares regression and Newton’s method with the
Lambert-Beer equation. To clarify the effect of water on
the characteristics of particulates, which subsequently
affect the extinction coefficient of particles, particle
hygroscopicity was also examined.
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It was found that fly ash consists of a mixture of
particles with different chemical compositions and thus
different optical properties.2® Most fly ash particles are
spherical and glassy because of the rapid cooling of the
molten droplets formed during combustion. And most
particles are observed to be highly transparent at visible
wavelength, whereas a small fraction (generally un-
burned carbon or iron oxides) are observed to be en-
tirely opaque. Boothroyd et al.2! measured the light-
scattering phase functions and asymmetry factors for a
sample of fly ash and compared them with Mie theory
predictions. The results imply that fly ash could be
treated as spherical particles under furnace conditions
at which they were well dispersed. The complex refrac-
tive index (or optical constants) may be used together
with Lorenz-Mie theory to predict the absorption, ex-
tinction, and scattering properties of particles under
assumption of an equivalent sphere model and vice
versa. In addition to the empirical results, this study
also estimated the parameters K|, and k;, on the basis of
the Mie theory using the computational BHMIE pro-
gram22.23 and existing data of complex refractive index
for fly ashes under a spherical particle approximation.
The estimations were compared with the experimental
results of the study presented here.

EXPERIMENTS
Basic Information of the Power Plant and
In-Stack Instruments

In the study presented here, experiments were con-
ducted in a commercialized coal-fired power plant with
a FGD unit with a wet scrubber, as shown in Figure 1.
The plant comprises a coal-fired boiler, steam turbines,
and a 14.3-MW generator. The FGD unit is downstream
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coal-fired power plant used in experiments.

of an induced-draft fan (IDF), and an ESP is upstream of
the IDF. Exhaust gas enters the FGD unit and is scav-
enged by precooling and circulating water and further
passes through de-misters to the opacity measurement
instrument. Table 1 lists basic information about the
test stack at the power plant. The sampling sites were
located in the vertical stack 50 m above the ground. The
optical cross-stack transmissometer monitor was lo-
cated 1.2 m below the sampling ports.

Table 1. Basic information on the power plant.

Parameter Basic Information

Analysis of coal

Coal type Subbituminous

Total moisture (as received) 8.89%
Inherent moisture (air-dried basis) 2.01%
Sulfur content (air-dried basis) 0.88%
Volatile matter (air-dried basis) 31.3%
Ash (air-dried basis) 15.2%
Heating value (air-dried basis) 1570 kd/kg

Boiler conditions
Boiler type
Coal flow
Main steam pressure
Main steam flow
Air pollution control equipment

Four radiative burner units
~1.45-1.72 kg/sec
~119-120 kg/cm?
~11.8-13.4 kg/sec

Low-NO, burner (LNB)

ESP
FGD
Stack parameters
Stack height 70 m
Stack diameter 24 m
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Experimental Method and Procedure

To evaluate the effects of various constituents on in-stack
opacity, particle mass concentration; water moisture con-
centration; gaseous oxides of sulfur (SO,), nitrogen (NO,),
and oxygen (O,) concentrations; flow rate; flue gas tem-
perature; the circulating water pH of FGD; H,SO,; and
opacity were measured simultaneously for each run. The
factors were varied by changing ESP currents, the FGD
unit operating conditions, and boiler loads, respectively.
The ESP currents were regulated to produce various parti-
cle concentrations, the precooling and circulating water
in the FGD unit were adjusted to produce various mass
concentrations of water moisture in the flue gas, and the
boiler loads were adjusted by changing the input rate of
the coal feeder. When the effect of a load was to be
analyzed, the other two loads were set to a relatively
steady state to systematically and quantitatively examine
its effect on opacity. Note that the operation conditions
were limited to those that could not exceed the Republic
of China Environment Protection Administration (ROC
EPA) emission standards. The in-stack opacity, water
moisture, and particle mass concentration were measured
simultaneously under various conditions of the boiler
load, FGD, and ESP to evaluate their effects on K, and K.

The in-stack instruments include an opacity meter, a
CEMS, a thermometer, a flow rate meter, and a pH meter.
Opacity was measured by an optical transmissometer us-
ing a green light-emitting diode with a wavelength of 550
nm. The readings of opacity were recorded every 6 sec.
The value of opacity presented in the following is the
average of readings at three 6-min intervals. The CEMS is
a lineup of analyzers for the measurement of NO,, SO,,
and O, stack gases emitted from the boilers of a thermo-
electric coal-fired power plant. The units are capable of
the simultaneous and continuous measurement of vari-
ous components. The temperature of the flue gas was
monitored every minute by a resistance thermometer
(RTD, type Pt 100 Q). The flow rate of the flue gas was
monitored every minute by a supersonic flow rate meter.

Flue-Gas Sampling Methods and Analyses
The flue gas was sampled to obtain the mass concentra-
tion of particles W, (mg/Nm?), the mass concentration of
water moisture W, (g/Nm?), and the particle size distri-
bution. In addition to the above factors, particle density,
particle chemical compositions, and particle shape were
also measured. The isokinetic sampling of the ROC EPA
Method 1, a modified method of the U.S. Environmental
Protection Agency Method 5 with fiberglass thimbles re-
placing the fiberglass filter, was used to measure the par-
ticle mass concentration. The mass concentration of par-
ticles was determined by gravimetric analysis of the
samples. The water moisture in the stack flue gas was
absorbed by calcium chloride (CaCl,) pellets, and the
water mass concentration was determined by gravimetric
analysis. Sampling of the particles by filter method con-
tinued for 30 min, and the total sampled flue-gas volume
exceeded 500 L. Sampling of the water content took 10
min, and the total sampled flue-gas flow exceeded 10 L for
each sample. The particle size distribution was deter-
mined using a cascade impactor with nine impactor
stages with cut sizes from 0.1 to 10 um, associated with
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the gravimetric analysis of the samples. To measure the
concentration of H,SO,, a sample was obtained from the
stack gas through a heated quartz-lined probe. The con-
centration of H,SO, was determined using a method sim-
ilar to that utilized in ref 17, and analysis was conducted
on an ion chromatograph. The particle density was ana-
lyzed using an ultrapycnometer and by applying Archi-
medes’ principle of fluid displacement and Boyle’s law.
Particle chemical compositions were analyzed using in-
ductively coupled plasma with atomic emission spectros-
copy and by performing standard industrial analyses. The
particle shapes were determined using a scanning electron
microscope (SEM) from the filter tube. All indicated data
are averages of at least three repeated runs and include the
standard deviation.

The SO, concentration of the flue gas was controlled
using an aqueous magnesium oxide (MgO) solution. The
flue gas had passed through the de-mister with an outlet
temperature of nearly 50 °C. In the FGD unit, the effi-
ciency of SO, removal was up to approximately 99%. The
experimental measurements show that when the SO,
concentration increased from 21 to 143 ppm, the concen-
tration of H,SO, increased from 3.1 to 7.7 mg/Nm?® and
the in-stack opacity increased from 24.6 to 25.2%. Be-
cause the variation in opacity with a considerable change
in SO, concentration was less than 0.6% and all experi-
ments in this study were performed at a SO, concentra-
tion controlled to within approximately 20-36 ppm, the
effects of SO, and H,SO, emissions on opacity were thus
negligible.

MATHEMATICAL MODEL
Empirical Opacity Equation

For in-stack plumes, the major constituents usually con-
sist of particulate, water moisture, H,SO, steam, and NO,.
In the study presented here, the SO, concentration is
controlled by using liquid MgO in the FGD unit, as men-
tioned earlier. The effect of associated SO, and liquid
H,SO, emissions on plume opacity is thus neglected.

An empirical correlation equation similar in form to
that of the Lambert-Beer equation is then derived in this
study. The derived equation is

1 — e~ Wpkp + Wwkw + Wrozknoz)L

Opacity

( W, Wy Wno2 )L
1—e \Kopp " Kupw © Knozonoz (2)

where W, W,,, and Wy, denote the mass concentra-
tions of particles, water moisture, and NO,, respectively,
and py, py, and pyo, are the densities of particles, water,
and NO,, respectively. The parameters K (cm®/m?) and k
(m?/g) are defined as described above for species of par-
ticulates, water moisture, and NO,, respectively.

NO, has absorption bands in the visible light region
and thus affects opacity.3 Equation 2 thus includes the
contributions of light extinction by particulates, water
moisture, and NO, in the flue gas. Equation 2 reduces to
the classical equation for cases of light extinction by par-
ticulates only when NO, and water moisture are not in-
cluded. The parameters W,, W, Wyo,, ppr Pws and proz
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in eq 2 can be readily obtained from experimental mea-
surements, whereas values of K, and K,, (or k, and k,,)
need to be determined. According to Lindau,3 1/(Kyo, X
pPno2) 1S the mass extinction coefficient k of NO,, which

was measured to be 3.3 X 107* ppm ' m™ 1.

Inversion Methodology for Estimating
Parameters K, and K,,

In the study presented here, the least-squares method is
used to simultaneously determine the parameters K,
and K,, with measured opacities under various opera-
tion conditions.

In the inversion procedure, the squared error, E, is
defined as

E [Opi,c(Kp/Kw) - Opi,e(Kp/Kw)]Z

i=1

= [Y=n®)I'TY — ()] 3)

o1
Il

where Op; . and Op; . denote the measured and estimated
opacities, respectively.

O}?l,e] [OPLC({%,KW)]

Vi - | and (@) =
(4)
and g = K,,, K,,. The values of K, and K|, are determined

by minimizing E. The partial derivation of E with respect
to B is expressed as

ViE = 2[ = Ve(B)I'TY — m(B)] (5)

Let

X(B) = [Ven(®T, (6)
where X is the sensitivity matrix, and the elements of this
matrix are called the “sensitivity coefficients.”2¢ When

VE = 0, the minimum value of E exists, and the corre-
sponding set of solutions, B, is given by

X'BLY - mp) = 0 (7)
The Taylor series expansion of nf at b is
n(B) = () — Vnb)(B — b) (8)
Substituting eq 8 into eq 7 yields
X'DLY — nb) = XD)E — b)]=0 9)

Equation 9 is applied for the numerical computation of
the inverse estimation of parameters. Newton's itera-
tion method is used with initial guesses of b. After
iterating k times, the (k + 1)th iteration is started with
new parameters:
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p*h = p® 4 pOIXTO(Y — 50)] (10)

and
[PO] -1 = XTRX® (11)

The computation continues until the values of K, and
K., at two consecutive calculations differ by a specified
limit.

Theoretical Calculation of the Particle
Parameter K,

Given the wavelength of incident light, particle size dis-
tribution, and the complex refractive index of particles,
Mie theory can be applied to estimate the particle light
extinction efficiency factor, Q.,,, which is defined as the
ratio of the extinction coefficient to the cross-sectional
area for spherical particles. Hodkinson?> also reported
light extinction by nonspherical particles in random mo-
tion to be nearly the same as that for spherical particles
much larger and much smaller than the wavelength of
incident light. In the study presented here, Q... is deter-
mined using the BHMIE program under an equivalent
spheres model.

The theoretical parameter K, can then be calculated
from Mie theory using

% f rZr3f(r)dr

n

K, = —— (12)
J Qexf(r)dr

11

where f{(r) is the normalized particle number density, r is
the radius of particles, and Q... is the particle light extinc-
tion efficiency factor.

Estimation of Moisture Droplet Mean Diameter
Moisture molecules may concentrate at temperature
drops; they combine to form water droplets. For a mono-
dispersion of spherical moisture droplets, the relationship
between the mass extinction coefficient and extinction
efficiency factor is expressed as

kWWW = NQWEXtTrrZ (13)

where Q.. i the extinction efficiency factor of a mois-
ture droplet determined by Mie theory and r is the radius
of the moisture droplet. N is the number of moisture
droplets per unit volume and is given from mass concen-
tration of water moisture as W,,/(4wr’p,/3). The amount
of water moisture present in gas can also be described by
the expression of relative humidity (RH).

For water moisture, it scatters and does not absorb the
beam at the investigated wavelength, and the index of
refraction is approximately 1.33. In the Rayleigh scatter-
ing regime, the extinction efficiency factor can be further
expressed as
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Table 2. Summary of flue gas and particle characteristics.

Stack Flue Gas Conditions Test Data Range

SO, ~20-36 ppm

NO, ~150-186 ppm

NO, ~4.7-5.7 ppm

0, (at sampling hole of stack) ~9.3-12.1%
(leaving the G/A heater) ~3.5-3.8%

Flow rate ~20.3-23.8Nm*/sec

Exhaust temperature 48.1~51.1°C

~9.25-12.13%
2.66 + 0.09 g/cm?®
4.00 = 1.03 pum

6.68% * 1.10%

Water content

Particle density

Mass mean diameter

Unburned carbon

Ash analysis of oxides
Si0, 46.89% =+ 0.53%
AlL0, 42.71% = 0.26%
Iron(lll) oxide (Fe,04) 3.27% = 0.34%
Calcium oxide (Ca0) 3.33% = 0.26%
Titanium dioxide (Ti0,) 1.59% =+ 0.02%
SO, 0.50% = 0.03%
Potassium oxide (K,0) 0.35% = 0.00%
Sodium oxide (Na,0) 0.14% = 0.01%

MgO 0.32% = 0.03%
Other 0.91% *= 1.23%
8|m? — 1|*/2mr\*
Qe = 3{me 2| (0 (14)

From eqs 13 and 14, the effective mean diameter (2r) of
water moisture droplets can be estimated after the mass
extinction coefficient k,, is readily determined.

RESULTS AND DISCUSSION
Summary of Flue Gas and Characteristics of
Particles

When pulverized coal is burned in a boiler, most of the
ash leaves the furnace (as fly ash) with the flue gas. Table 2
shows the composition of flue gas and the constituents
of ash under various operation conditions of the boiler
load. In this investigation, major components of the fly
ash particles included silicon dioxide (5iO,) (46.9% =+

g

Figure 3. SEM micrograph of particles collected by filter.

0.5%) and aluminum oxide (Al,O3) (42.7% = 0.3%); the
particles contained approximately 5.8-7.8% unburned
carbon by weight. The particle density is 2.66 = 0.09
g/cm?; this density is assumed to be constant over the
range of particle sizes measured and is close to the
typical soil density. Figure 2 shows the particle size
distributions for particle concentrations of 36.5, 45.6,
and 51.5 mg/Nm?, respectively, at various boiler loads.
Most of the particles had diameters greater than 0.5
pm, and the mass mean diameter was 4.00 = 1.03 pm.
The SEM micrographs of particles are presented in Figure 3, a
and b. The results from the SEM showed that most of
the particles less than 5 pm were nearly spherical. Cho
et al.2¢6 concluded that fine fly ash particles (<200
mesh) were spherical, whereas the coarse particles
(>200 mesh) were mostly irregular and porous, which
is consistent with the conclusions of refs 17 and 18
mentioned earlier.

Experimental Data Obtained under Various
Operation Conditions
Table 3 presents detailed experimental results for varia-
tions of ESPs (Table 3a), FGD (Table 3b), and boiler load
(Table 3c¢) in which the various operation conditions were

200 { — & — Set #1 mass size distribution F 100
——O——  Set #1 cumulative mass fraction
180 4 — —* —  Set #2 mass size distribution F 90
o —#——  Set #2 cumulative mass fraction
g’ 160 1 — —& —  5et #3 mass size distribution r 8o ;\?
T —4A——  Set #3 cumulative mass fract.f =
& 140 A F 70 ¢<
o
S 5
5) 120 A r 60 =
= 100 o 5
c i L
2 o
0 o
S 80 A 40 ¢
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e =
= 4 L o
5 o 8
(] w
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Figure 2. Mass and cumulative distributions of emitted particles at various boiler loads.
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Table 3a. Data obtained by regulating ESP currents for various particle concentrations.

Tu, Lin, and Wu

Range ~100-200 mA (current)

Load -—+

Particle concentration W, (mg/Nm?) 1106 90.8 = 5.5 791 £9.0 70.3 =85 59.2 £ 55
Water content W, (/N m3) 90.2 £ 0.5 928 £ 1.1 91.7 1.0 911 +0.7 90.0+1.8
NO, emission (ppm) 56 + 0.1 51+0.2 54 +0.2 53+0.3 47 =041
Flue gas temperature (°C) 505+ 04 511 0.3 50.3 £ 0.6 499 + 0.4 509 = 0.6
Water content X,, (%) 11.2 £ 0.1 11.6 = 0.1 11.4 = 0.1 11.3 = 0.1 11202
Saturated vapor content X, (%) 12.7 = 0.1 13103 13.0 £ 0.2 123 +0.3 13.3 0.2
RH (%) 884 +04 88.1 £29 88.1 = 0.5 924 +25 843+ 2.6
Measured opacity (%) 25.7 0.6 247 £ 04 23.7+0.3 227 +0.5 209+ 0.6
Theoretical opacity (%) 26.0 24.8 23.7 22.8 21.7
Extinction by particles (%) 40.2 35.1 32.2 29.8 26.7
Extinction by water moisture (%) 56.9 62.1 64.7 66.9 70.2
Extinction by NO, emission (%) 29 2.8 3.1 3.3 341
Table 3bh. Data obtained by adjusting the FGD unit’s precooling and circulating water rate.

Range ~0.27-0.40 m%/sec (circulating water)

Load - =+

Particle concentration W, (mg/N m®) 83.4 = 8.1 742 +9.0 70.1 = 8.9 59.2 5.5 37.8+1.9
Water content W, (/N m®) 744 +18 80.3 1.6 815 =17 90.0 = 1.8 975+ 0.3
NO, emission (ppm) 4.8 + 0.1 4.6 +0.2 5.3+ 0.1 4.7 =041 51+0.2
Flue gas temperature (°C) 50.3 = 0.5 50.1 = 04 491 =05 50.9 = 0.6 50.4 = 0.4
Water content X,, (%) 93*0.2 10.0 = 0.2 10.2 = 0.2 11.2=+0.2 12.1 £ 0.1
Saturated vapor content X, (%) 134 +0.2 126 =04 119+04 13.3+0.2 13.2+05
RH (%) 69.0 £ 25 79.6 £ 4.0 85.0 £ 0.7 843+ 26 923 + 37
Measured opacity (%) 215+ 0.1 21.0 04 21.0+0.3 20.9 = 0.6 21.7 0.7
Theoretical opacity (%) 21.3 215 21.4 21.7 21.0
Extinction by particles (%) 38.1 33.8 32.0 26.7 17.7
Extinction by water moisture (%) 58.8 63.2 64.5 70.2 78.9
Extinction by NO, emission (%) 3.1 3.0 3.5 3.1 3.4
Table 3c. Data obtained by varying the operation condition of the boiler load.

Range ~11.78-13.44 kg/sec (main steam flow)

Load - ¥

Particle concentration W, (mg/Nm?) 455+1.9 59.2 £ 55 66.1 =19 787 2.8 96.6 = 1.7
Water content W,, (g/Nm?®) 87.7 0.6 90.0 = 1.8 948 + 2.6 916+ 15 89.6 = 0.3
NO, emission (ppm) 50+04 47 =041 5004 53+0.2 57 =041
Flue gas temperature (°C) 48.1 = 0.4 50.9 = 0.6 493 +0.2 50.3 = 0.6 493 +04
Water content X,, (%) 10.9 = 0.1 11.2 +0.2 11.8 = 0.3 11402 11.2 = 0.1
Saturated vapor content X, (%) 11.1 0.1 13.3 0.2 12.0 = 0.1 11.9+05 11.6 = 0.2
RH (%) 98.7 £1.2 84.3 +£26 98.2 + 2.6 95.6 + 4.0 96.1 = 0.9
Measured opacity (%) 19.8 £ 0.3 209 £ 0.6 227 +0.3 246 = 0.7 25.6 = 0.3
Theoretical opacity (%) 20.2 21.7 23.0 23.6 249
Extinction by particles (%) 22.3 26.7 27.9 321 37.2
Extinction by water moisture (%) 74.2 70.2 69.1 64.8 59.7
Extinction by NO, emission (%) 3.5 3.1 3.0 3.1 31

set by regulating ESP currents, adjusting the precooling
and circulating water in the FGD unit, and adjusting the
main steam flow rate by changing the feeding rate of coal
into the boiler. The baseline condition was set as an ESP
current of 200 mA, the FGD unit precooling and circulat-
ing water at 0.36 m>/sec, and the main steam flow rate in
the boiler at 12.5 kg/sec. From Table 3a, the opacity in-
creased with decreasing ESP current supply. This relation-
ship follows from the fact that increasing the ESP electric

Volume 61 August 2011

current gradually reduced the particle concentration, as
revealed by the measured data. From Table 3b, which
shows the effects of the operation parameters of the FGD
unit, the opacity remained almost constant as the opera-
tion of the precooling and circulating water varied be-
cause particle mass concentration decreases when water
moisture increases and vice versa. From Table 3¢, as the
coal flow rate increased with the boiler load, the plume
opacity increased because the mass concentration of the
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Table 4. Results of K, K,, k,, and k,, estimated from measurements.

wr Npy

ESP FGD Boiler
Parameter Operation Operation Operation
K, (cm®/m?) 1.522 1.890 1.191
Mean K, (cm%m?) 1.642
k, (m?g) 0.247 0.199 0.316
Mean K, (m?/g) 0.229
K, (cm*m?) 2596.1 2346.7 2896.0
Mean K,, (cm®/m?) 2520.2
k,, (m?/g) 0.000385 0.000426 0.000345
Mean k,, (m%/g) 0.000397

Notes: p,= 2.66 g/cm®, p, = 1.00 g/cm®.

participating constituents and particularly that of the par-
ticles increased.

Inversion Estimations of Parameters K, K,,, k,,,
and k.,

The values of parameters K, and K,, were determined from

the experimental data in Table 3 using the inversion

methodology described above. The results show that the
values of K, and K,, were 1.642 and 2520 cm®/m?, respec-
tively, corresponding to k, and k,, values of 0.229 and
0.000397 m?/g, respectively. Although K,, and K,, differ by
3 orders of magnitude, the effect of extinction by water
moisture is comparable to that by particles or even greater
because of the existence of a considerable mass of water
moisture after the FGD unit. As illustrated in Table 3,
which shows that the NO, concentration under typical
conditions of a coal-fired boiler was in the range of ap-
proximately 4.7-5.7 ppm with a stack diameter of 2.4 m,
NO,, was responsible for less than 0.90% of opacity. Table 4
presents the estimates of parameters K, and K, at various
loads. For the inversion estimates, the data at various ESP
loads produced a K, of 1.522 cm®/m? and a K, of 2596
cm®/m?, the data at various FGD loads produced a K, of
1.890 cm®/m? and a K, of 2347 cm®/m?, and the data at
various boiler loads produced a K, of 1.191 cm*/m?® and a
K, of 2896 cm?®/m?. As the mean inversion estimations of
a K, of 1.642 cm®/m? and a K, of 2520 cm®/m?, obtained
using all measurements at various loads, are applied to
predict the plume opacity, the numerical results reveal

Table 5. Calculated values of the theoretical particle parameter K, for the measured particle size distribution at various absorption indices.

K,;atm=1.5, K,;atm=1.5, K, at m = 1.5,

Particle Diameter Mean Particle Mass Fraction Accumulated n = 0.0043 n = 0.01 n = 0.025

Set  Size Interval (jum) Radius (j.m) Interval (%) Weight Fraction (%) (cm3/m?) (cm3/m?) (cm3/m?)
>9.3 10.00 5.11 100.0 6.536 6.413 6.401
6.0-9.3 3.825 4.69 94.89 2.322 2.344 2.358
4.1-6.0 2.525 10.82 90.20 1.496 1.477 1.506
2.8-4.1 1.725 15.31 79.38 1.162 1.095 1.053
1.8-2.8 1.150 33.06 64.07 0.737 0.708 0.685
1 1.0-1.8 0.700 16.73 31.01 0.527 0.493 0.461
0.49-1.0 0.373 9.18 14.28 0.115 0.118 0.123
0.36-0.49 0.213 3.47 5.10 0.119 0.118 0.117
0.056-0.36 0.104 1.63 1.63 0.410 0.333 0.298
K, cm¥/m?) 1.284 1.252 1.233
K, (m?/g) 0.293 0.300 0.305
>11.0 10.00 10.97 100.0 6.441 6.413 6.401
7.1-11.0 4.525 3.95 89.03 2.901 2.868 2.829
48-7.1 2.975 8.55 85.08 1.862 1.848 1.827
3.3-4.8 2.025 14.69 76.53 1.102 1.126 1.165
2.2-3.3 1.375 29.61 61.84 0.808 0.800 0.794
2 1.1-2.2 0.825 17.54 32.23 0.456 0.454 0.450
0.59-1.1 0.423 11.18 14.69 0.149 0.150 0.155
0.44-0.59 0.258 2.19 3.51 0.102 0.103 0.105
0.056-0.44 0.124 1.32 1.32 0.252 0.243 0.224
K, (cm®/m?) 1.624 1.623 1.629
k, (m?/g) 0.231 0.232 0.231
>9.9 10.00 3.29 99.99 6.447 6.413 6.401
6.4-9.9 4.075 6.85 96.71 2.568 2.554 2.533
4.3-6.4 2.675 10.68 89.85 1.559 1.571 1.598
3.0-4.3 1.825 30.68 79.17 1.172 1.152 1.118
1.9-3.0 1.225 14.52 48.49 0.810 0.795 0.762
3 1.0-1.9 0.725 14.52 33.97 0.486 0.474 0.452
0.53-1.0 0.383 12.33 19.45 0.119 0.121 0.127
0.39-0.53 0.230 3.56 712 0.107 0.107 0.108
0.056-0.39 0.112 3.56 3.56 0.304 0.293 0.265
K, (cm3/m?) 1.095 1.089 1.081
k, (m?/g) 0.343 0.345 0.348
Mean K, (cm®m?) 1.334 1.321 1.314
Mean k, (1/(p,K;), m?/g) 0.282 0.285 0.286
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that the measured plume opacity data are linearly corre-
lated with the values predicted by Lambert-Beer’s law, and
the linear regression is 92.94% of confidence.

Theoretical Values of Particle Parameter K,
The theoretical particle parameter K,,, computed using eq
12, is determined from the particle number density and
the complex refractive index at a given wavelength. The
complex refractive index of particles could not be mea-
sured directly, and investigations were based on the ex-
perimental measurements of transmittance and/or reflec-
tance as well as a corresponding inverse model such as the
equivalent spheres model associated with Lorenz-Mie the-
ory or Rayleigh scattering approximation. The optical
properties of fly ashes have been studied by various re-
searchers.20.27-30 The real part of the refractive index has
been measured in the visible spectral region and was
found to vary approximately between 1.5 and 1.6, consis-
tent with results for aluminosilicate glasses in the visible
wavelength range. The reported values?® for the imagi-
nary part of the refractive index, ranging up to approxi-
mately 0.05, show considerable variations and may vary
by more than an order of magnitude for fly ash samples
taken from different power plants. Because the real part of
the optical constant is similar to that of its major constit-
uents, an average value of 1.5 may be assigned for fly
ashes,22-31 whereas the value of the imaginary part ranges
from 0O to 0.024 for fly ashes.3! The in situ measurements
were made by Gupta and Wall3° at two power stations
burning three coals. For these three coals, the values of
ash density were found to be 1.78, 1.97, and 2.05 gm/cm?,
respectively. It is shown that the unburned carbon has a
substantial effect on the absorption index of fly ash par-
ticles, with the carbon-free fly ash being characterized by
a lower value of the absorption index. After ashing in a
muffle furnace, they recommended the refractive index of
1.5-ni, with n ranging from 0.0035 to 0.025 for fly ashes.
In the study presented here, fly ash of complex refractive
index 1.5-ni, with n ranging from 0 to 0.05 at light wave-
length of 550 nm, was used with the BHMIE program.
Three samples of particulate matter are considered, and
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the detailed distributions of particle size and number den-
sity are shown over eight size intervals in Table 5. Mean
particle size in each interval i was computed, and corre-
sponding K,; values were calculated at an n of 0.0043,
0.01, and 0.025 with the BHMIE computer program. The
results show that the mean theoretical particle parame-
ters, K, were 1.334, 1.321, and 1.314 cm®/m?, respec-
tively, which are smaller than the measured K, of 1.642
cm?®/m?. The corresponding mass extinction coefficients
are, respectively, 0.282, 0.285, and 0.286 m?/g, compared
with the measured k,, of 0.229 m?/g. The result at an n
value of 0.05 is very close to that at an n value of 0.025.
Figure 4 also shows the mean value of the theoretical
particle parameter K, over the particle size range of ap-
proximately 0.01-100 wm at various values of absorption
index. It is illustrated that the effect of absorption index
becomes insignificant for particles larger than 0.1 pm at a
light wavelength of 550 nm. The discrepancy in experi-
mental and theoretical results of extinction coefficient
may be due in part to a deviation of the actual microstruc-
ture of the fly ash from the assumed solid spherical struc-
ture because fly ash may have formed as spheres that were
attached with smaller particles or as hollow spheres that
contained solid spheres. The extinction coefficient of hol-
low spheres is smaller than that of solid spheres; that is,
K, for solid spheres is smaller.32:33

Comparison of Experimentally Obtained
Parameter K, with Published Values
In Table 6, the measured values of parameters K, and k,,
are compared with previously reported values obtained
without considering water-moisture effects. Published
values of K, are lower than 1.642 cm®/m?, ranging from
0.60 to 1.20 cm?®/m?. The value of the extinction coeffi-
cient k, obtained in this study is 0.229 m?/g; published
values are larger, ranging from 0.33 to 1.70 m?/g. Discrep-
ancies between the measurements of K, and k, obtained
here and those made elsewhere are due mainly to the
consideration or lack of the effect of water moisture; pre-
viously reported measurements do not consider the effect

of the extinction by water moisture. It is reasonable that
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Figure 4. Theoretical parameter K, as a function of particle size for fly ash at various values of

absorption index and a light wavelength of 550 nm.
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Table 6. Comparison of measured K, values with previously reported values from experiments on coal-fired boilers.

Source Apparatus Light Path (m)  Parameter k, (m*/g)  Density p, (3/cm®)  Parameter K, (cm*m?)  Reference
Coal power plant (fly ash) Transmissometer 4.80 0.228 2.66 1.642 This study
Coal power plant (fly ash) Transmissometer 6.15 ~1.11-1.56 1.00 ~0.683-0.905 9
Coal power plant (fly ash) Bolometer 114 0.78 2.00 0.64 8
Kraft mill recovery furnace Bolometer 1.52 1.70 1.00 0.60 5
Kraft mill recovery furnace Smoke meter 0.92 ~0.33-0.50 2.50 ~0.80-1.20 6

previously reported values of measured k,, are greater than
that obtained in this study because they should reflect the
effect of extinction by water moisture present in the flue
gas. Moreover, the values of particle density listed in the
table were all assumed in their calculations, so this might
further influence the accuracy of measurements of the
parameters k, and K,,.

Estimation of the Moisture Droplet Mean
Diameter

The flue gas had passed through the de-mister with an
outlet temperature of nearly 50 °C, where the water con-
tent in the flue gas was measured. The mole fraction of
water moisture, X,,, in gas was then calculated. Because
the theoretical mole fraction of water vapor within the
saturated flue gas is denoted as X,,,, the RH is thus deter-
mined as the ratio of X, to X,,,. From Table 3, all averages
of the measured RH values of the flue gas in this study are
less than 100%; only in a few experimental cases did the
variation of the actual water content reach the saturated
water content. Specifically, values of average RH ranged
from 69 to 98.7%.

For a mass extinction coefficient k,, equal to 0.000397
mz/g, the effective mean diameter, 2r, of the moisture
droplets is determined from eqs 13 and 14 to be approx-
imately 13 nm, whereas the mean diameter of a single
water molecule is 0.29 nm.

A test was performed to clarify the effect of water
moisture on particles and specifically the effect of the
absorption of water by particulates. Water was infused
into various particle samples, which were obtained at
various loads, on filter paper in the ambient environment,
and the dissipation of water by spontaneous mass diffu-
sion was measured. It was found that a major loss of water
occurred within the first 4 hr; eventually water absorption
by the particles was found to be negligible (<5% by
weight).

CONCLUSIONS

In this study, two factors that greatly affect opacity were
identified: the mass of emitted particles and the amount
of water moisture. The effects of SO, and H,SO, emissions
on the opacity of flue gas were negligible because of the
range of SO, concentrations within 20-36 ppm. The
opacity was expressed in the form of the Lambert-Beer
law, and a nonlinear least-squares regression was con-
ducted to evaluate the two optical parameters K, and K.
The measured K, of 1.642 cm®/m? is larger than the theo-
retical values of K, ranging from 1.314 to 1.334 cm*/m? at
various values of absorption index. The effect of absorption
index becomes insignificant for particles larger than 0.1 pm.

824 Journal of the Air & Waste Management Association

The discrepancy in measured extinction coefficient and the-
oretical values may be because of the fly ash being assumed
to have a solid spherical structure, whereas the fly ash
may have been formed as spheres that were attached with
smaller particles or as hollow spheres that contained solid
spheres. Moreover, the obtained K, value of 1.642

cm®/m? is larger than previously reported values of K,,;

that is, the corresponding mass extinction coefficient (k,, =
0.229 m?/g) is smaller than previously reported values of
k,. In previous studies, they did not consider water-
moisture effects and assumed a specific value for the
particle density, which might further influence the accu-
racy of inverse estimations of K, and k.
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