The flow rate stabilizer detects the deviation of the sample
air flow rate from the set flow rate value, amplifies the
detected signal to the electric signal, actuates flow rate
adjusting devices such as the needle valve, and
automatically feeds back the flow rate to the set value with
its feedback control function. In this way, the stabilizer
always maintains the sample air flow rate at the set value
securely, preventing blinding of the filter paper in the
one-hour measuring period and'iong period that do not rely
on daily maintenance,

A diagram of a flow rate stabilizer is indicated in
Explanation Figure 7. For the detection of the deviation of
sample air's flow rate from the set value and the generation
of the electric signal, a mass flow controller is used or
the float position of the flow meter is detected optically.
When the sample air'flow‘rate fluctuates and deviates from
the set flow rate, the signal detected is amplified to the
electric signal. 7The electric signal adjusts the valve,
revolving the motor. In this way, the flow rate is

controlled and fed back to the set value.
Cutlet of the air

Amplifier

E—-————. Flow rate detector

l

Valve o __“j
v

Motor
Detecting element /;\

Sample air suction pump

Explanatory Figure 7 Diagram of a Flow Rate Stabilizer

10.

(1)

Test Methods of Monitors

Empty Test: This test is similar to the zero drift test
which uses the zero gas of the gas analyzer. In this test,
instead of zero gas, air containing no particulate matter is
used, air purified and dried with two sheets of filter
medium with the Al collection efficiency specified by JIS K
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0901,

(2) Flow Rate Stability of Sample Rir: The fluctuation
characteristic of the sample air flow rate differs with the
monitor type. Tést'methods, therefore, are classified and
specified by the monitor type.

{a) Monitor of the Piezoelectric Balance Method: As the
section of the monitor which collects suspended.
particulate matter does not cause differential
pressure, there is no cause for the sample air flow
rate to fluctuate in a short period.  The method to
test the stability in 2 long run is, therefore,
specified.

(b) Monitors using Beta-Ray Bbsorption Method and the Light
Absorption Method: When suspended particulate matter
is collected on the filter paper, differential pressure
is caused: by the resistance of the filter paper. With
the collection of particles, the differential pressure
increases and the flow rate of sample air reduces. A
flow rate stabilizer is, therefore, introduced to
prevent fluctuation in the flow rate. As the filter
paper advances forward every measuring period, the
sample air flow rate is read at the start and at the
end of the one-hour measuring period in the calibration
aercsol introducing test. The test method is specified
for the case when blinding of the filter paper is
caused by particles.

(c) Monitor using the Light Scattering Method: Because
there is no area in the passage of sample air which
causes differential pressure, and because as a rule the
sensitivity of the detector does not change even if the
flow rate of sample air fluctuates, it is not necessary
to perform tests, '
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1V. MEASURING METHOD FOR PARTICLE-SIZE DISTRIBUTION OF DUSTS
IN FLUE GAS

1. Scope

This Standard, besides being applicable to the soot and dust that
is specified by the Air Pollution Control Act, may also be
applied to the measuring of particle size distribution of
particulates in gas caused by processes in the chemical,
foodstuff{s and other industries in which powder is widely used.

The measuring of particle size distribution of dust is necessary
for calculating the diffusion of particulates in exhaust gas
containing dust or for analysing the chemical components by
particle size of SPM (suspended particulate matters) in the
atmosphere required to determine the source of the particulates.
It is also necessary for the selection, designing and evaluation
of the performance of dust collection devices for the prevention
- of air pollution, and for the evaluation of such unit processes
in the powder-related industries as pulverization, classification
and sorting. This Standard therefore is applicable to a wide
range of fields.

3. Meanings of Terminology

As some of the main terminology used in this Standard is already
defined in JIS B 9909 (How to Express the Specifications. of Dust
Collecting Devices), JIS 2z 8808 (Procedure for Measuring Dust
Concentrations in Exhaust Gas) and JIS Z 8901 (Test Dust),
unnecessary duplication has been avoided. However, on
terminology for which a different expression was deemed necessary
to be used, it has been taken up without avoiding duplication.

Note that JIS B 7954 (Automatic -Devices for Measuring Suspended
Particulate Matters in the Atmosphere) and JIS % 8814 (Low Volume
Air Sampler and Procedure for Measuring Suspended Particulate
Matters in Air Using Low Volume Air Sampler) alsc have
definitions of terminology, but these pertain to particulates in
the atmosphere and differ in meaning to the terminology in this
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Standard which specifies the source of the dust, so they have not
be particularly mentioned.

(1)

(2)

Dust: JIS B 9909 defines it as being "Solid particulates
contained in gas normally of a particle size of lum or more,
but in this Standard the term shall also include solid
particulate fume of a size under lum".

And in JIS Z 8808 it is defined as being "Soot, dust and
other solid particulates, with free water eliminated by

drying. Combined and other water that is weighed by

measuring based on this Standard shall also be considered to
be dust". It thus plainly defines the relationship of dust
with water content. In this Standard too, the collected
dust sample is dried for 1 hour at 105 - 110°C, so the
thinking is fundamentally the same as that of the two
standards.

With regard to particulates in the atmosphere, such

-definition for "suspended particulate matters" as is used,

for example, in JIS B 7954, is "solid or liquid particulates
suspended in the atmosphere", so it clearly differs from the
dust in this Standard with respect to the evaluation of
liquid particulates and the drying témperature of the
sample.

Particle Size: This is an expression in a one~dimensional
nuneric value of the size of a particle. If the particle
was spherical, it would be simple to express its size, but
as the particle is usually of a complex form, particle size
also has various definitions. Here, since it is necessary
to know the size of the particles moving in air (or gas),
the density (Pp) of the particulate against the ggometric
particle size (Dp) has been taken into consideration, and
particle size has been expressed hydromechanically as:

Dpa = DpVPp

This is called aerodynamic particle size (Dpa) or
aerodynamic diameter. o
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Note that JIS % 8814 applies and uses the same definition as
this Standard.

4. Types & Principles of Measuring Methods

Measuring methods for particle size distribution in ducts can be
largely divided into the method of measuring particles flowing
inside the duct (in-situ measurement) and the method of measuring
the dust collected with a dust ¢ollecting device. The latter
makes measurements of a certain quantity of the collected dust
sample by such methods as screening, liquid phase subsidence and
microscope, but it has the disadvantage of not measuring dust
that has escaped being caught by the dust collector.

Accordingly, the former measuring method is now genexally being
used.

There are various ways of measuring particle size of dust floWing
through a duct such as the méasuring by separation utilizing the
~inertia force of particulates (the'inertia impact method --
cascade impacter method), measuring by separation utilizing the
centrifugal force of particulates (the centrifuge separation
method'—-'multi—stage cyclone method), measuring by separation by
cyclone force after subjecting the particulates to an electric
charge (the electrostatic separation method -- electrical
mobility method), measuring from the light that is scattered when
it irradiates the particulates {the optical method -- scattered
light method), and others. When these methods are compared, the
results are as per Explanatory Table 1.

In Explanatory Table 1, particle size distribution to be obtained
on the basis of quantity is when the dust concentration is
extremely low and calculation of distribution is based on the
particle size of each individual particulate. When the purpose
is for evaluating the performance of a dust collector or a powder
process, since a very much higher concentration than this is, in
many cases, the object of measurement, usually a measuring method
based on mass is employed.
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For this purpose, the multi-stage cyclone was developed
relatively recently in the United States) and examples of
measurements have been reported, but considering that the device
in not sold on the Japanese market and from the fact that the
cascade impacter method is widely employed, it was decided to
take up only the cascade impacter method in this Standard.

Explanatory Table 1 METHODS OF MEASURING PARTICLE SIZE
: DISTRIBUTION OF DUST IN DUCTS

Measuring Method | Measuring |Particle Size Dust
- : Range {um) Distribution |Concentration

Cascade Impacter 0.05 - 30 |Based on Mass |Medium to Large

Multi-Stage .

Cyclone 0.1 - 20 |Based on Mass |Medium to Large
Scattered Light 0.1 - 20 |Based on Qty. Small
Electrical ' _ _

Mobility ' ' 0.01 - 1 |[Based on Qty. Small

- The principle'of the cascade impacter method, as shown in
Explanatory Figure 1, is that the sample gas is blown from a
small nozzle at high velocity towards a collecting plate, and the
particulates in the gas are separated and collected by striking
them agalnst the collectlng plate by the force of inertia. The
measuring apparatus consists of several stages of impacters with
nozzle diameters of increasingly smaller size. The particle size’
distribution is measured by gradually increasing the flow
velocity of the gas, and the further downstream in the flow, the
smaller the particles that are separated and collected. This
type of device is known as a cascade impacter.
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Explanatory Figure 1 IMPACTER NOZZLE

The size of the particles that are separated and collected at the
impacter is determined by the inertia force of the particles that
are blown out from the nozzle, that is to say, by the
dimensionless inertia parameters (Y) shown in the following
equation: '

C x Pp x Dp? x vy

18 x u x De

Here, C is Cunningham’s correction factor, Pp the particle
density, Dp the particle size, vy the velocity of the discharge
from the nozzle, p the coefficient of viscosity of the gas, and
Dc the diameter of the nozzle (when the nozzle is a rectangular
one, this is replaced with the slit width W).

Note that Stk [=CPpr2vb/18u(Dc/2)] is also used for inertia
parameters, in which case the relationship is Stk = 2Y.

Cunningham’s correction factor is a coefficient for correcting
the lowering of resistance, due to gas molecules, of the
movement of partlcles in the fine partlcle size range of less
than lpm. It is expressed by the following equation employing
the mean free path of gas molecules (n):

n n
C =1+ 2.514 x —— + 0.80 x
Dp Dp

. Dp
exp [-0.55%(—)}) .... (2)
n
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The relationship of Y to the rate of collision, exists also in
the §/Dc value (clearance ratio, that is, the distance between
the nozzle tip and the collecting plate/nozzle diameter) and the’
Re number value, but in circular nozzles, in the range of Re =
100 - 3,000, it is practically uniform, and Ranz and Wong have
obtained the results of Explanatory Figure 2 with §/Dc = 3.
Here, the collection rate has been treated in the same sense as
collision rate.

1.0 —
/ Y
o 08 | /e
) Circularj+* 3 :
:éo.s <
e © 1%t Rectangular
5 04 AR
7] .
] ° oy
= 02 ,f g
O *
S A
0 - /]

0 02 04 06 a3 10 12
VY = {Cvaoflach)%Dp

Explanatory Figure 2 COLLISION RATE FROM CIRCULAR AND
RECTANGULAR NOZZLES

On the other hand, Marple has expressed, by theoretical
calculation, the effect of S8/W (= $/Dc) when Re = 3,000, the
effect of Re when T/W (nozzle 1ength/nozz1e'diameter) = 1, and
the effect of T/W when Re = 3,000, as in Explanatory Figure 3.
The solid line is when the nozzle is circular and the broken
line, when the nozzle is rectangular. It can be seen that with
Re = 3,000, the curves become practically the same when S/W = 2 -
5, and with circular nozzle T/W = 1, there is almost no'change in
the collection rate of 50% with Re = 100 - 3,000,
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(a) Effect of S/W (Re=3,000)
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Explanatory Figure 3 COLLISION RATE OF CIRCULAR AND RECTANGUT.AR
NOZZLE IMPACTERS
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From. these Figures, the particle size, of which the collection
rate becomes 50%, is called 50% separation size or ECD (effective
cut-off diameter) and the ¥ at that time is expressed as Yg5g-
This value is shown in Explanatory Table 2.

Explanatory Table 2 Calculated Value of VYg

S/hc., S/W 0.25 0.5¢0 1.0 2 -5
Circular Nozzle (Re=3,000) 0.39 | 0.45 | 0.48 0.48
Rectangular Nozzle (Re=1,500) 0.42 0.57 .70 0.73

The research and development of the cascade impacter was started
by K.R. May in 1945, after which a number of variations were
submitted by mény researchers and put into practical use. When
these are classified, they are either nozzles of circular shape
or slit-shape (rectangular, obiong, or some such shape) varying
in the number of jet nozzles in one stage from 1 to 200 or more,
as shown in Principal Table 1. As these are all based on the
same principle, it was decided to.apptove all of them as being
~applicable to this Standard. However, considering that, in
actuality, the circular, multi-nozzle type is widely used, it was
decided to assume this type when describing the samplihg device
and the measuring method,

Note that in Remarks it is stated that "the particle size range
to be measured with the measuring method described in this
Standard shall generally be 0.05 to 30um”. These valﬁes were
used because, although the range that can be measured with a
normal cascade impacter is approximately 0.3um and above, when
the low pressure impacter described later is used, the lower
limit c¢an be expanded to about 0.05um.:

Also, although, when sampling, there is a possibility of coarse
particles undergoing inertia separation or gravitational
subsidence at the suction nozzle prior to the gas being
introduced into the impacter,'the upper limit of 30um was used
because it becomes possible to make this the upper limit if the
pre-~separator described later is employed and by the relationship
to gas flow velocity or particle density.
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5. Outline of Measuring Method

This Standard covers the determining of particle size
distribution by inserting a classifying and collecting device
based on the inertial impact‘method or a suction nozzle into a
duct thrdugh which exhaust gas containing dust is flowing,
equidistantly sucking up part of the exhaust gas, and, after
drying the dust that has been collected at each stage of the
classifying and collecting device, measuring its mass.

An.extfemely impbrtant condition when meadasuring particle size
distribution is, as in the case of JIS % 8808, collecting dust
samples'by the "equidistant sucking up" of dust. In other words,
the sample gas should be collected by passing the suction nozzle
through the measuring point at the same distance as the flow
velocity of the exhaust gas. If equidistant sucking up is not
properly executed, not only will there bhe an error in the
concentration obtained by the measurement, but the results of the
particle size distribution will alsc be distorted. This is clear
. from the relationship between the flow of the gas and the loci of
the particles due to inertial force. When measuring dust
concentrations in accordance with JIS Z 8808, a balanced type
sampling device can be used which makes it possible to carry out
equidistant suction in accordance with the changes in the
veleocity of flow of the exhaust gas, but when measuring particle
size distribution, since it is a prerequisite of the measuring
principle that the gas flow passing through the classifier-
collector be uniform, it is not possible to change the suction
quantity in accordance with fluctuation of the exhaust gas flow
velocity. ~In conclusion, it is hecessary to take into account
the point that measuring is limited to a stable condition in
which the flow velocity of the exhaust gas is uniform and does
not change. '

6. Sampling Device
6.1 Composition of Sampling Device: In Principal Figure 2,
atype of sampling device that is inserted into the duct is

shown. 7This type of classifier-collector regquires no
heating or heat insulation, operation is simple and so is
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widely used. Besides this, there is the type where the
classifier~collector is placed outside the duct. When this
type is employed, heating or heat insulation is necessary in
order to prevent condensation in the suction pipe and
classifier-collector due to temperature drop. Alsc in this
case, the material and construction of the suction pipe from
the nozzle to the classifier-collector should be such that
adherence of particles is minimized. During measuring,
unless the temperature in the classifierfcolleCtor is
maintained at a uniform level, the gas flow velocity in the
device is liable to change, so careful attention must be paid
to temperature control. When the temperature of the exhaust
gas in the duct and the gas in the heated classifier- _
collector is different, consideration must be given to the
fact that suction flow rate at the classifier-collector must
be used in place of the suction flow rate (s at the suction
nozzle, When'part of the classifier-collector must of
necessity be placed outside the duct due to the measuring
hole being too small, heat insulation or heating in

~accordance with the foregoing should be carried out.

Classifier-Collector Unit: The exanmple of a circular,multi-
nozzle type cascade impacter shown in Principal Table 2,
shows the construction of an Andersen stack sampler, and the
inertia parameter Yg,=0.14 was calculated from a monograph
based on the maker’s data. In an impacter of the :
construction shown in Principal Table 2, 8/W value is 2 -
10 and Re number is 100 - 500. In Explanatory Figure 3 the
relationship between fﬁ?ga and the collision rate is shown;
on the circular impacter graph of Explanatory Figure 3 ({a),
if the S/W value increases, the tendency is for the
separation and collection rate curve to move to the right.
If V2Y¥g,=0.14 was applied to this, it would become
V2Y¥g,3=0.53, but in Explanatory Figure 3 (b), if the circular
impacter’'s curves of Re number 100 and 500 were moved
slightly to the right, v2Y¥gg would become approximately 0.5
at a collection rate value of 50%. In accordance with this,
from Explanatory Figure 3, it is possible to estimate to a
certain degree the inertia parameter of the impacter shown
in Principal Table 2.
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Suction Nozzle: The configuration of the suction nozzle
comeg in the L-shape or goose-neck shape shown in
Principal Figure 5. When the measuring hole is small and
the diameter of the nozzle is too large, the goose-neck
shape is easlier to use.

Biffusion Unit: The construction of the diffusion unit
must be such that vortex and drift does not occur in it,

when guiding the gas flow from the suction nozzle to the

classifying plate of the uppermost stage. For that, a unit
of a conical shape with an appropriate incline internally
is most often used. .As the diffusion unit, by being
connected with screws, has the purpose of clamping
together the collecting plate, classifying plate and
support ring, normally the construction shown in
Explanatory Figure 4 is used.

Nozzle Connection

Connection to
Quter Cover

Explanatory Figure 4 EXAMPLE OF DIFFUSION UNIT

Classifying Plate: The attached positions of the
classifying plate and the collecting plate and the flow of
the gas between them are as shown in Explanatory Figure 5.
The jet nozzles opened in the classifying plate are
important to the classifying performance of the impacter
and, at the same time, are subjected to high velocity gas
the lower the stage becbmes, 80 are liable to become
corroded. Therefore, it is necessary that material with
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the best anti-corrosion properties in the collector be
used; the use of stainless steel and other material with
equal or better properties than SUS (316) is desirable.
After use, the classifying plate should be thoroughly
cleaned in an ultrasonic washer or some such device to
keep its nozzles free of clogging at all times.

Fiow of Gas

Classifying Plate Jet Nozzle
f?/fééd K/./ﬁéizi VA 1 LCZ?&&CICOllECted

Particulates

_ N A = _
Zg 1 ﬁié%%éa l.fffégféll Ezié%gi——‘[};%‘C:olltg_c:ting Platé

. S
“ q «/fCH- e N

777 l 7777 A l B l PIIHY,

Explanatory Figure 5 LOCATION OF CLASSIFYING PLATE AKRD
COLLECTING PLATE AND FLOW OF GAS

Depending on the characteristics of the particulates, wall
loss may occur because of the adherence of the
particulates to the reverse side of the classifying plate.
An effective means of minimizing wall loss, is to hold
down as much as possible the re-scattering of the
particles at the collecting plate. With regard to
deformation of the jet nozzles due to use for long
durations, there are some in which the tops and bottoms of
the nozzles become corroded increasing the inside diameter
of the nozzles and there are some in which the tops
corrode and accumulate at the bottom of the bore of the
jet nozzles causing the nozzles to become clogged.
Accordingly, the shape of the get nozzles should be
regularly checked with a stereoscopic microscope. A
simpler method would be hold up a well-cleaned classifying
plate to a suitable light source. If the jet nozzles on
the classifying plate do not appear to be of the same
brightness and there are some that appear brighter or
darker than the others, there is a possibility.that the
jet nozzles are deformed or clogged.
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6.2.4 Collecting Plate: When the particulates inertially
collide against the collecting plate, they are liable to
rescatter depending on the their nature and the
construction of the collecting plate. The re-scattering
of particulates on the collecting plate, as shown in
hxplanatory Figure 6, may be due to the particulates (a)

- bouncing off the surface of the collecting plate, (b)
secondary bouncing off collected particulates, (c¢)
scattering of accumulated particles, and other factors.
So, in order to minimize {a), thought should be given to
the selection of the collecting plate, and to minimize (b)
and (c), the taking of excessive samples should be
avoided, it being best to keep the accumulated amount at
each stage to a maximum of 10mg. As collecting plates
with little re-scattering, filter paper of glass fiber
coated with grease or other agents is used, but this is
not suitable for inserting in high temperature exhaust gas
and in the horizontal direction in classifier-collectors.
Normally, filter paper, stainless steel plate, roughened
stainless steel plate or other materials are used, but
depending on the temperature and moisture content of the
exhaust gas and the characteristics of the particulates,
it is necessary to select an appropriate material with a
proper surface finish.

(a) | (b) (c)
Flow of Gas

l_ | q |

: Collecting

o 3 Plate o st §

© r:E£~—¥ﬂ_ ® ,z;‘lkhéiw_— o;iAZ:S:jiﬁ
/s L/ R/,

Classifying //
Plate

Exp]dnatory Figure 6 CONCEPTUAL DRAWINGS OF RE~SCATTERING OF
PARTICULATES AT THE COLLECTION PLATE

6.2.5 Support Ring: Support rings are for the purpose of
maintaining the gap between the classifying plate and the
collecting plate and to keep the T/W value mentioned in 4.
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at a uniform level. As the support ring is always removed
before and after a measuring operation, gas leaks are
likely to occur. Because of that, various types of rings
to minimize gas leaks have heen devised, examples of their

- cross-sections being as shown in Explanatory Figure 7.

For materials, there are stainless steel, inconel steel,
teflon, etc., so an appropriate one should be selected as
occasion demands. Particularly, when filter paper is used
as the collecting plate, material and construction of a
kind which would not damage the filter paper should be
selected. If the mdunting of the support ring is poor, a
ring-like adherence of particles due to gas leakage will
be found on the inside of the plate holder. In order to
prevent this a material or construction with elasticity
and close contact properties should be used and it should
always be cleaned before it is installed.

Spring
Type (c)

@ T & C

0 Ring Type Spring Spring

Explanatory Figure 7 EXAMPLES OF CROSS~SECTIONS OF SUPPORT RINGS

6.2.6

Back-up Filter: As material for back-up filters,
normally, filter paper made of glass fiber or silica fiber
is widely used, but silica fiber filter paper, in
particular, has large moisture absorption properties so
care is required. 8Silica fiber filter paper is generally
superior when used in sour gas'or in high temperatures and
when used for chemical analysis. For measuring exhaust
gas with a high moisture content, the pressure loss of the
filter paper increases and the filter paper is likely to
be damaged. In such a case, filter paper of'higher
strength, such as paper with wire mesh reinforcement and
double layer paper, should be used. The shape of the
back-up filter is usually cixrcular but a cylindriéal
filter paper may be used at the back of the classifier-
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collector.

7. Measuring Method

7.1 HMeasuring Location, Hole and Point

7.1.2

Measuring Hole: It is desirable that the measuring hole
have an inside diameter of abont 150mnm to allow ithe
classifier-collector and the suction nozzle to be
inserted. Howevér, when the classifier-collector shown in
Principal Figure 3 is used, its diameter is approximately

-80mm,. so if the suction nozzle (goose-neck type) shown on

the right of the Principal Figure 5 is employed, a
measuring hole with an inside diameter of about 100mm may
also be used. Great care should be taken when inserting,
as dirt and rust on the internal walls of the measuring
hecle can easily enter the suction nozzle. '

Measuring Point: With this measuring method, the
classifier-collector, compared to that for measuring dust
concentrations, is much larger and the necessary quantity
of sample is also greater. So if sampling was to be done
in each sectionalized area specified in JIS % 8808, the
operation would become very troublesome, and the collected
amount of samples cannot be expected to be too great.
Accordingly, it was decided to employ the collection
method of sampling from a representative point that is
specified in Remark 1. or Remark 3. of 4.3 of JIS Z8808.
In this case, a point where the dust concentration is
average at a place where variations in the flow velocity,
temperature, and other factors in the duct is the
smallest, should be selected as the representative point,

7.5  Sampling Method

7.5.2

(1)

Calculation of Suction Flow Rate:

Equal Velocity Suction & Suction Flow Rate at Suction
Nozzle: Equality velocity suction flow rate (Qm) at the gas

meter should be calculated by the formula given in 7.5.2 of
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(2)

the Principal Text and the suction flow rate (Qs) at the
suction nozzle in the duct should be obtained by the
equation (3).

QS:md2XVX60X10-3 I.-anno:. ooooooooo LI R ] LU (3)

Where, Qs : Suction flow rate at suction nozzle (1/min.)
d Inside diameter of suction nozzle. (mm)
v Flow velocity of exhaust gas (m/s)

-

The suction flow rate at the main body of the classifier-
collector (which may be judged to be the same as the suction
flow rate at the suction nozzle), has a certain allowable
range and also, as shown in Principal Figure 8, the
classification width obtained by measurement Changes
depending on Qs. Accordingly, when calculating Qs, from
results obtained by.preliminary measurement, d is selected
in advance in accordance with equation (3) so that Qs falls
within the allowable range, and then Qs is calculated.

When suction is carxried out at the optimum suction flow rate
of the classifier-collector and also when an appropriate
classification width is obtained from Principal Figure 8, a
suitable d can be selected with equation (3). However, as
Os varies when d changes, care must be taken with the scope
of use of the gas meter and pump and the suction time.

Selection of Suction Nozzle Bore: As both the suction flow
rate (Qs) at the gas meter and the suction flow rate (Qs) at
the suction nozzle are proportionate to the square of the
bore (d) of the suction nozzle, while the more suction
nozzles of different bores that are readied the better,
normally it is desirable to have ready bores ranging from ¢4
to 12mm at increments of about 2Zmm. 'Accordihgly, the
relationship between d and Qs depending on the flow vélocity
(v} of exhaust gas is shown in Explanatory Figure 8,

A3-1IV-16



- (3)

%)
<
i

%]
S

—
=3

Suction Flow Rate Qs at
Suction Nozzle (L/min.)

0

0 0w 20 _ 30 _
Flow Velocity v of Exhaust Gas (m/s)

Explanatory Figure 8 FLOW VELOCITY OF EXHAUST GAS WITH
SUCTION NOZZLE BORES AS PARAMETERS

Range of Suction Flow Rate: The cascade impacter, by the
nature of its principle, is able to measure at whatever
classification width that matches any changes which occur in
the suction flow rate ({s) at the suction nozzle. However,
with an actual impacter, if (0s is made too small or,
conversely, too big, the re-scattering at the collecting
plate increases, resulting in the possibility of the results
of particle size distribution obtained being different. In
such a case, re-scattering is greatly effected by both Qs
and the material and construction of the collecting plate.
Accordingly, with the measuring method employing the
impacter of the structure shown in Principal Table 2,
considering the construction of the collecting plate
currently being used, the usable range of suction flow rate
was decided at about 5 - 30 1/min. However, since the
optimum suction flow rate of this impacter is normally 20
1/min., when carrying out suction at a considerably’
different suction flow rate than this optimum suction flow
rate, consider using a collecting plate with little re-~
scattering properties as described in 6.2.4.
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7.5.3 Sampling

(1)

(2)

Amount and Duration of Sampling; When a large guantity df
particles is collected at each stage, Ie—scatterlng

~increases and furthermore, as shown in Explanatory Figure 6

(c), the nature of the classificatlon itself will be
changed. Because of that, it is necessary to finish the
sampling before such a phenomenon ocours. ‘Since this sort
of phenomencn is liable to occurxr When-a sample of dust in
exhaust gas from a heavy oil burning boiler of more than
10mg is taken at any stage, it was decided that the sampled
quantity at each stage should be a maximum of 10mg. .

As guidelines for the amount and duration of sampling, using
the anticipated dust concentration of the facilities to be
measured as reference, the average estimated sample quantity
(M;) can be obtained from equation (4).

Cn x On x 7

n + 1

Where, Me : Estimated quantity of sanmple to be collected
from each stage (mg)
Cn : Anticipated dust concentration (g/m nl
On ¢ Suction flow_rate converted to 0°C, l
atmosphere (1,/min.)
T : Duration of suction (min.)
n : No. of stages in impacter

When the exhaust gas concentration is not too high, Qn in
equation (4) may be replaced with the suction flow rate at
the gas meter (Qm). Set M, at an appropriate weight between
1 and 5mg and determine the guideline for the sanpling
duration using equation (4)}.

Pre-Separator: If coarse particles exist in great nunmbers
in the exhaust gas, the collected amount at the uppermost
stage of the classifier- collector will increase, causing
rescattering of coarse particles and resulting in the
possibility of the classificatiqn characteristics of the
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(3}

lower stages changing.

In such a case, it would be best if a pre-separator for

capturing coarse particles of 30um or more be installed
immediately behind the suction nozzle. The pre-separator
must not be such that it affects the collecting
characteristics of the classifier-collector. Explanatory
Figure 9 shows an example of a pre-separator of the inertial
impact method.

‘ - Suction Nozzle

Collecting Plate 1l‘

To Classifier-Collector Unit

Explanatory Figure 9 EXAMPLE OF PRE-SEPARATOR

Method of Taking Out Sample: As the specimens collected on
the collecting plate are in a state where they are extremely
1ikely'to scatter when a shock is imparted to from the
outside, the greatest of care should be exercised when
taking out the classifier-collector from the measuring hole.

Since, dependiﬁg on the particulates, even the worker's
breath could cause them to scatter when removing the
collecting platé from the classifier-collector, the plate
should be removed under windless conditions in a room Or
some such enclosure.

When it 1s necessary to remove and attach the collecting

plate on the spot in order to carry out repeated
measurements. at the site, do so inside an automobile or
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(4)

(5)

other enclosure near the site.

Weighing Quantity: Depending on the collected particulates,
there are those which have great moisture absorption
properties and reactivity. . In such a case, if the

-particulates_are left standing for a long time, they are
liable to adsorb the moisture and gases in the air or
undergo oxidation, or corrosion may occur on the collecting
plate. With particulates that are liable to incur such
phenomenons, weigh them promptly before such phenomenons
have a chance to occur.

Measuring Inside Exhaust Gas Containing Mist: When the
exhaust gas contains a. large guantity of mist, the mist is
liable to adhere to the inner walls of the classifier-
collector, in turn causing particulates to adhere. _
Moreover, the collected particulates are liable to be washed
away by the mist. In such a case, an impacter with a built-
in mist receiver, as shown in Explanatory Figure 10, is
employed and, after collection, the mist is dried and only
the particulates are weighed.

Jet Nozzle

Lo

s

- TETR
b
aigiiaid

Suction Collision Mist g Back-up Filtexr

Nozzle Plate Receiver O~Rin

Explanatory Figure 10 EXAMPLE OF IMPACTER WITH MIST
SEPARATOR ATTACHED
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7.6 Method of Calculating Particle Size: With regard to the
method of calculating the particle size, the following
describes the 50% separation size concept and the

calculation process shown in 7.6.1 (1) and 7.6.2 of the
Principal Text.

(1) 50% Separation Size Concept: With regard to the impacting
of particulates against the collectihg plate of the
impacter, theoretically the relationship shown in
Explanatory Figure 3 holds true. As shown in the Figure,
all particulates of a given particle size or more are not
captured on a certain collision plate -- there are some
particulates that are collected at about that particle size
and some that are not. This is called the separated
collection characteristics at the nth stage and inscribes a
peculiar collection rate curve of its own. The separated
collection rate curve at the nth stage takes the form shown
in Explanatory Figure 11, the broken line being the Dpgg
calculated by applying ¥Ygg in equation (1),

—
[}
=

)
(==

~Sgparated Collection Rate
Curve at {(n-1}th Stage

Separated [ o4
Collection

Curve at
nth Stage

TN

w
=3

2{

Cellection Rate, h (%)

0 Dubpy  Dm
Particle Size Dp (pm)

Explanatory Figure 11 RELATIONSHIP BETWEEN SEPARATED COLLECTION
RATE AND PARTICLE SIZE (1)
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The above shows that actually, although with particle size
Dpy, 20% of the particulates are captured, 80% of the
particulates are not, and, similarly, with Dp3, although 90%
of the particulates are captured, 10% of the particulates
are not. The Figure shows that with Dp,, 350% of the
particulates are captured and 50% are not. Generally
impacters have been designed so that the particle sgize
showing this 50%.capture rate coincides with the particle
size calculated by equation (1), On the other hand, a
similar curve can also be obtained at the next upper stage,
.fthe (n-1)th stage], and the particulates in the area
sufrounded by the separated'collection rate curves of the
nth stage and the (n-1)th stage are captured on the
collecting plate of the nth stage.

Accordingly, as shown in Explanatory Figure 12, if the
impacter has been designed so that the shaded area above

the 50% collection rate (the part that is not collected) and
the shaded area below the 50% collection rate (the part that
is collected) cancel sach other out, it can be said that the
particulates of and above the particle size at the 50%
collection rate will all be captured. This is called the
50% separation particﬁlates and are the particulates
collected at the nth stage. And then, with the same
thinking for the (n-1)th stage, it can be considered that,
in the end, the area surrounded by points A, B, B' and A'
are the particulates that will be captured at the nth stage.
Therefore, at the nth stage, all the particulates between
the 50% separation particulates Dp, and Dpy will be
collected. This is called the classification width of the
particulates at the nth stage.

From the foregoing, attention should be paid to the fact
that, when actually using an impacter, the particulates
collected on its stages have a certain physical size
distribution.
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< Separated
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Dpz
Particle Size, Dp (pm)

Explanatory Figure 12 RELATIONSHIP BETWEENSEPARATED COLLECTION
RATE AND PARTICLE SIZE (2)

(2) Steps in Particle Size Calculation Equations: Eguation (1)’
holds true for the collision of particulates against the
collecting plate.

o ; | .
C x Pp x vg X Dpgp
Yeg = 21077 L (1)
18 x p ® DcC

Where, Ygn @ : Inértia parameter for 50% separation size
ol : Cunningham's correction factor
.Pp : True deﬁsity of paiticulates (g/cm3)
Vg : Flow velocity at jet nozzle (cm/s)
Dpgg @ 50% separation size (pm)
u t Viscosity ceoefficient of gas (g/ocm-s)
Dc : Bore of jet nozzle (mm)

If the impacter is designed so that Yy, becomes an
appropriate value, Dpgg can be obtained from equation (1)'.
When equation (1)' is arranged with respect to particle size
(Dpgg), it becomes equation (5).
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18 x p ® DC x Ygp '
DpSO = X 107 I I I T N A N ¥ (5)
C x Pp x vy

Although equation (5) holds true of one circular jet nozzle
as shown in Expianatory Figure 1, with a multi-nozzle type
impacter with N number of jet nozzles, particle'size'is
expressed as equation (6) using the suction flow rate (Qs)
of the impacter.

18 x nx Nxp=xyY x 60 x Dc3
50 2
Dpgo = x 10 ...... (6)
4 x C x Qv

‘Where, N Number of jet nozzles

Os : Suction flow rate at suction nozzle (1/min.)

Here, the particle size (Dpgg) obtained by equation (6) is
expressed, from the principle of the impacter, as the 50%
separation size. Equation (6) is the equation shown in 7.6
of the Principal Text. '

7.6.1 Method of Calculating Particle Size Not Requiring Cunning-

(1)

ham's Correction Factor

Methed by Calculation: This calculation methed is used when
the particle size is lpm or more. Since the viscosity
coefficient of gas (pn), when the gas 1s combustion exhaust
gas, etc., can be said to be equal to the viscosity
coefficient of air, p is obtained by the following equation
(7).

o= 1070 % (172 4 0.4 X 8S) turiivvevnnnrerrerenennnns eo (7)
Where, 6s : Exhaust gas temperature (°C)
Here, making Cunningham's correction factor C = 1, from

equatiohs (6) and (7), the particle size at each stage is
obtained by equation (8).
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Dpbgg

(2)

/ 2.70 x ® x N x Ygg x Don® x(172+0.4x08s)x 1072
. cere (8)
J C x Pp X vp

Whare Dcn : Bore of jet nozzle at nth stage (mm)

Equation (8) is the same equation as is shown in 7.6.1 (1)
of the Principal Text.

Also, (s is obtained by equation (3).

How to Obtain Physical Size by Graph: Eqguation (8) is gquite
complicated and the calculation is somewhat troublesome. If
this could be obtained by graphs, it would be extremely easy
to determine the particle size. Accordingly, in 7.6.1 (2)
of the Principal Text, a simple method of determining the
particle size by graph instead of by calculation is
described based on the impacter show in Principal Table 2
with number of jet nozzles (N), jet nozzle bore (Dc), and
inertia parameter (Y50). Since, from Table 2, N, Dc and Ygp
are defined for each stage, if the suction flow rate at the
suction nozzle (QOs) and the exhaust gas temperature {Bs) are
known, -then from equaticon (8),'the particle size (Dpgg) can
easily be obtained by graph as a function of Qs and 6s.
Here, the temperature correction in Principal Figure 9 is,

‘as can be seen from equation (7), mainly a correction due to

the viscosity coefficient of the gas.

Alsco, the majority of the usual powder-related processes is
carried out at ordinary temperature. Accordingly, Principal
Figure 8, in consideration of use at ordinary temperature,
shows a graph at'zoéc, and Principal Figure 9 shows the
temperature correction factor for exhaust gas temperatures
in the range of 0 to 450°C with 20°C as temperature

oorrection factor 1.0.

7.6.2

Method of Calculating Particle Size Requiring Cunningham's
Correction Factor: When the particle size is less than
lpm, it is necessary to use Cunningham's correction factor
(C). C is expressed by the following equation by
approximation based on equation (2}.
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Where, Dp : Particle size (um)
n : Mean free path of gas molecules (um)

1f C in equation (6) is substituted with equation (9),
aquation (10) for particle size (Dp5o) is obtained.

. leGOxani Y50 BHX Don3 x 10
Dpgop2+1.257x2n x DPSO - 2w om =0 ... {(10)
n iz determined from eqﬁation (11).

n = 2.10 x 10°% x (172 + 0.4 x 8) x (273 + 88} ...... . (11)

Accordingly, if equation (7) was substituted for equation
{(10), and only the positive solution of the quadratic
equation of Dpgy was taken to be the particle size Dpgg.
egquation (12) is obtained. '

, 1.08xanxY50chn3x(172+O.4xes)x10“1
Dp = ~1.26xn+ | 1.58xn%+ .. (12)
50 4 x Qs

Substitute equation {11) for equation (12) and obtain the
particle size at each stage. Equations (12) and (11) are
those respectively shown in 7.6.2 of the Principal Text.
Equation (12) may also be used for particulates of lpm and
above. However, actually since, with particulates of lpm
and above, there is practically no difference from the
particle size determined by equation (8), it is quite
sufficient to carry out the calculation using egquation (8).

(1) Rounding 0ff Particle Size: As the classified particulates
themselves of an impacter, both theoretically and
structurally, have a certain particle size distribution,
there is a limit to the classification accuracy.
Accordingly, with normal impacters, the third digit of the
particle size obtained by calculation shall be rounded of f
and only the value up to the second digit shall be adopted
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as the significant figure, as shown in Explanatory Table 3.

Explanatory Table 3 Exampies of Rounding Off of
Particle Size

Calculated Particle Size Rounded Off Particle Size
15.432 um 15 pm
0.4378 pm .44 pm

(2) Physical Constants Required for Particle Size Calculation:
The physical constants required for particle size
calculations are the viscosity coefficient of the gas (p),
the mean free path of gas molecules (n) and Cunningham's
correction factor (C). Given here is a summarized
commentary on these physical constants.

(a) Viscoéity Coefficient of Gas: Exhaust gas is normally
a combination of N,, 05, CO,, SO0x, NOx and other gases
but as far as the viscosity of the gas is concerned, it
can be treated more or less as the viscosity of air.

Although there are various experimental equations in
the viscosity coefficient egquations of gas such as the
Sutherland equation and Hirshfelder equation, shown
here is a relatively simple and widely used equation for

air.
I\ 0.768 :
) crresesrannaserses (13)

po= 170 x 1070 x (
‘ 273

Where, u : Viscdsity coefficient of gas (g/cm-s)
T : Absolute tenmperature of gas (K)

Equation (13) inscribes a gentle curve for temperature,
but if this was approximated to a straight line, it
would still have practically no effect on the
calculation of particle size. Accordingly, equation
(7)'is obtained by approximating to a straight line the
temperature range of 0 to 450°C of equation (13).

Bo= 2076 x (172 + 0:4 % B8) evvnrrneenenenaneennen (7)
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Where, 8s : Exhaust gas temperature (°C)

If equation (7) is used to calculate the particle size,
the calculation becomes relatively simple.

(b) Hean Free Path of Gas Molecules:; The mean free path
(n) of gas molecules is expressed by the following
equation,

: 82.057 x u x T 4 _
n = x 10% ....... (14)
Bx R=xT

0.499 x P & M x’
n XM

Here, the internal pressure of a normal impacter is
about 1 atmosphere, and the molecular weight of gas (M)
may also be considered as the molecular weight of air.

Here, P : Pressure of gas (1 atm) .
M : Molecular weight of air (28.9) {g/mol)
R ¢ Gas constant [B.31 X 107 {erg/K.mol)}] .
T : Absolute temperature of gas -
[273 + 8s (°C)](K)

and if these are substituted, together with the
equation (7) for viscosity coefficient of the gas (p),
in equation (14), equation (11) is obtained. Equation
(11} is the function of only the temperature.
Therefore, the mean free path of the gas, when the
internal pressure of the impacter is normal, is
influenced by practically the temperature only.

Also, when the internal pressure of the impacter is
small, since n becomes large in accdrdance with

equation (14), the measurement of fine particulates
becomes possible with a low pressure type impacter.

(¢) Cunmingham's Correction Factor: When the particulates

dispersed in the air flow are small, a phenomenon of
the particulates slipping into the voids in the gas
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molecules in motion occurs, and a correction for
inertial_theory of particulates becomes necessary. The
correction factor in such a case is Cunningham's
correction factor. Cunningham's correction factor (C)
is usually expressed by equation (2).

In equation (2), since, in the particle size range that
is obtained by an impacter, the index item may be
ignored, ‘eguation (9) is obtained by adopting up to the
thixrd item of eguation (2). As is clear from equations
. {9) and (11), Cunningham's correction factor varies
depending on temperature; particle size and pressure.
In a normal impadter, since the internal pressure is
about 1 atmosphere, Cunningham's correction factor
depends on particle size and temperature, but with
partidle size of lpm'or_more the factor becomes C $ 1,
and, conversely, the smaller the particle size is, the
bigger the effect on temperature. Cunningham's '
correction factor becomes as per Explanatory Table 4
dépending on exhaust gas temperature and particle size.

In exhaust gas temperatures of 500°C or higher, pay
heed to the fact that Cunningham's correction factor
increases even with particle sizés of lum or more.

- Explanatory Table 4 Cunningham's Correction Factor
epending on Exhaust Gas
Temperature and Particle Size

Exhaust Gas ' | Cunningham's Correction Factor
Temperature

(°C) Dp = 1 pm Dp = 0.1 pm

20 1,163 2.63

200 1.289 3.89

500 5,547 6.47

800 1.850 : 2.50

(3) Example of Particle Size Calculation: The following shows
an example of an actual calculation.

{a) When Cunningham's.Correction_Factor is Not Required:
The 50% separation size at the 4th stage is calculated
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when the exhaust gas temperature 8s = 143°C, and the
suction flow rate at the suction nozzle 0s = 17 1/min.,
- as follows:

From Principal Table 2, N, Den and Ygg at the 4th stage
are N = 264, Dcn = 0.72mm, and Ygqa = 0.14.

Accordingly, from the eguation in 7.6.1 of the
Principal Text:

2.7Ox3.14x264x0.l4x(0.?2)3x(172+O.4xi43)x10”2

Dp: = = 4.0 (pm)
50 4 17

(b) To Obtain Physical Size from Graph: Obtain the
physical size when the conditions are the same as {(a)
above, from Principal Figures 8 and 9, Since the
suction flow rate at the suction nozzle Qs = 17 1/min,,
from_Principal Figure 8, the physical gsize obtained at
20°C is 3.5pm. In addition, since the exhaust gas
temperature is 143°C, from Principal Figure 9, the
temperature correction factor is 1.15.

From this Dpgg 4 = 3.5pm X 1.15 = 4.0pm is obtained.

(c) When Cunningham's Correction Factor is Required: The
50% separation size at thé 8th stage is calculated when
the exhaust gas temperature 8s = 310°C, and the suction
flow rate at the suction nozzle Qs = 21 1l/min., as
follows:

From Principal Table 2, N = 156, Dcn = 0.25mm and Ygqn =
0.14. Accordingly, from the equation in 7.6.2 of the
Principal Text, first the mean free path of the gas
molecules (n) is calculated; as follows:

2.10 x 1073 x (172 + 0.4 x 310) x (273 + 310)
0.15 (pm)

LI
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In addition, using n, the particle size (Dpgg 4) is
calculated as follows:

Dp50 8 - -1.257 x 0.150

1.08x3.14x156x0.14%(0.25)5x(172+0.4x310)x10" 1
1.58x(0.150)2+

+

4 x 21

i

0.48 (pm)

{(4) Low Pressure Type Impacter: With normal cascade impacters,
the particle size that can be measured is about 0.3pm and
above, but by lowering the internal pressure of the
classifier-collector, it is possible to measure even smaller
particle sizes. Theoretically, if the internal pressure of
the classifier-collector is lowered, from equation (14), the
mean free path of the gas molecules (n) increases,
accompanying which Cunningham's correction factor also
increases in accordance with equations (2) dr (9). As a
result, from equation (6), the particle size (Dpgg)
diminishes and under pressure reduction the collection of
even finer particles is possible. In such a case, the
approximation equétion shown in 7.6.2 of the Principal Text
cannot be used and it is necessary to obtain the particle
size (Dpgq) by repeatedly substituting an appropriate Dpgg
in equation (2).

8. Summarizing of Measured Results

8.1 Integrated Distribution: It is customary for the amount of
dust collected at each stage of the cascade impacter, after
being summarized as shown in Principal Table 3, to be
expressed by the integrated distribution curve using the
undersize (D) [or the oversize (R), R + b = 100%] as the
akis of ordinates and the undersize (or the oversgize) which
is the particle size (Dp) as.the axis of abscissas (refer to
Principal Figure 10). '

However, it is known that'the distribution of many kinds of

dust, when drawn on logarithmic normal probability paper,
come out at as a line; these kinds of dust are known as
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having a logarithmic normal distribution.

Logarithmic normal distribution [f(Dp)}, where Y is the mass
percentage (integrated undersize percentage) of all the
particulates smaller than the particle size (Dp), is
expressed by the following equation:

Dp
Y = loofof(Dp) x d{logDp) ....... Cece ittt evsaee (15)

If this equation is used, the integrated distribﬁtion can be
expressed by the two values of average particle size (Dpn)
and standard deviation (og) and Dpg and og can be obtained
by logarithmic normal probability paper (Principal Figure
11y.

Integrated undersize

84.13% size Dpg -
og = : : : = ———— . {16)
Dpg _ Integrated undersize

15.87% size

These 84.13% and 15.87% lines are entered in logarithmic
normal probability paper same as the 50% line.

For example, og of Principal Figure 11 is:

4.6 2.08
o'g = = k2 2c25
2.05 0.91

On the other hand, it is known that much of the dust that is
generated in industrial processes comply with the Rosin-
Rammler distribution. The Rosin-Rammler equation is
expressed as follows:

R = 100 exp (-BDpn) = 100 x 107BDPP™ _ ... ... ....... . (17)

Here, factor (B) (or B’) and index (n) of the particle size
(Dp), are constants determined by the kind of dust, B (or
f7) being called the grading characteristic factor and n,
the distribution index. The following equation is obtained
by taking the common logarithm of the two sides of eguation
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(17) two times:
log (2-logR) = logf’ + nlogDp ...veserereriersceraaasas (18)

That is to say, by taking log Dp as the axis of abscissas
and log {(2-log R) as the axis of ordinates, equation (18) is
expressed as a relationship to a straight line. A diagram
with such special gradaticns is called a Rosin-~-Rammler
diagram. By expressing factors P and n with this diagram,
it is possible to characterize the size of the particulates
and the state of distxibution.

In the remarks, it was mentioned that the integrated
distribution curve could be expressed by the interpolation
method. There are the following ways of obtaining the
integrated distribution curve by the interpolation method
and each has its characteristics.

The calculation process of Mizohata, etc.’s method of
inducing the function for expressing the integrated
distribution, employing Tokusaka’s curved composite theory,
is simple and has many features such as being able to cope
even when there is a deviation from the logarithmic normal
distribution.

Also, there is a way to draw a very smooth c¢urve within the
given conditions by adding the natural conditions at spline
function to the foregoing method and not fixing the minimum
and maximum particle sizes. - '

In a method using the fourth to ninth degree equations of
Lagrange’s interpolation method, which is the usual
interpolation method, it is reported that, as relative
standard error, the variation at the position and height of
the peak of the curved distribution due to the second
degree, is within 3.5%.

Besides these, from the fact that part of the particle size

distribution is applicable to the logarithmic normal
distribution, there is a method whereby the integrated
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distribution curve can be expressed by laying two
logarithmic normal distribution curves on top of each other,
and, as an interpolation method, there is way of drawing a
smooth, distortionless curve easily and accurately with a
personal computer, employing the tertiary spline function.

Frequency'nistribution: Frequency distribution should be
called a'way of finely expressing particle size
distribution, and is expressed'by the number or by the ratio
of mass of_particulates contained in appropriate particle
size intervals.

If the ratio of dust in a certain range of physical size
classification 8Dp (in case of semi-logarithmic scale,
8logDp) is S8R, frequency (f) is:

SR 'SR |
| ox f= | —— | it (19)
SDp §log Dp

The frequency distribution curve can be obtained by plotting
the frequency (f) against the particle size (Dp).

Frequency distribution is expressed either by this sort of
frequency distribution curve or by histogram.

A histogram, generally, makes the physical size
classification width the same and expresses the number of
appearances {(that is, the rate of collection §W/W) by the
height of columns, or, even if the classification width was
not the same, by lining up columns with areas in proportion
to the number of appearances. In this Standard, the latter
method of expression was employed in 8.2 of the_Principai
Text. The reason for that was that, of the data obtained by
employing a cascade impacter, the 50% separation size.(Dpso)
which denotes the classification width, is not only
determined by the jet nozzle bore (Dc), but by the suction
flow rate (Qs) and several other parameters, so it would be
difficult to make the intervals equidistant.
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Note that, from the integrated distribution curve, although
it would be possible to obtain SR for the equal
classification widths (8Dp) (or 8logDp), and to draw a
histogram of egual widths, it was not adopted in this
Standard. This was because, for the beginner, the obtaining
of classification widths would cause confusion and other
inconveniences.

Note that a convenient method of taking the classification
width of each stage of a cascade impacter as 50% separétion
size and méking the height of the columns the collection
rate (SW/W) has been included as a reference at the end of
the Principal Text. This was because current circumstances
were taken into consideration as although this differs from
the original definition of frequency distribution, it is
nevertheless convenient and so is in general use.

Next, the work of accurately preparing a frequency
distribution curve from a histogram is not necessarily easy.
In drawing a smooth curve, it should not always pass through
the mid point of the top side of each column, instead it
should be smoothed out so that the area covered by the curve
and the area cut off by the curve are equal. In order to
obtain a smooth distribution curve, it is possible to
approximate the cumulative distribution data to the 50%
classifidation size and from that differential, obtain the
frequency distribution. The interpolation method for that
purpose was described in a preceding paragraph.

As mentioned in the foregoing, since the work of preparing a
frequency distribution curve is not entirely easy, it is
many times expressed by integrated distribution.

Method of Calibrating Cascade Impacters: This Standard
specifies the method of measuring the particle size
distribution_of dust by cascade impacter and does not
specify-the calibration method, but in order to check
performance, it is desirable that the calibration method be
specified by a separate Standard.
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In the calibration of cascade impacters and othexr particle
size distribution measuring devices, there are still some
technical problems with respect to the evaluation of the
particles foxr calibration and of the classification
performance test results employing those particles, and,
although up to now, there is no calibration method that has
been established with the agreement of the various fields,
in practice, various methods of calibration are being used.

The performaﬁce of a cascade impacter is currently
guaranteed by the maker’s in-house calibration, but since
independent calibration by the user is also conceivable, an
example of a calibration method is introduced herewith for
reference.

(1) Scope of Calibration: Calibration mentioned here shall
apply to calibration of each individual classification
plate.

(2) Particles Used for Calibration: Particles of a pre-known
size such as polystyrene latex particles or dioctyl
phthalate (DOP) particles with a density close to 1 shall be
used for calibration. '

(3) Method of Generating Particles for Calibration: Particles
for calibration shall be diffused with an atomizer or other
device and shall be reduced to the required density with
clean air. '

(4) Calibration Method: Set the classifying plate and the
~collision plate as shown in Explanatory Figure 13, suck in
the generated particles for calibration, and, using a light
scattering type particle counter specified in JIS B 9921
(Particle Counter by Light Scattering Method), measure the
particle quantity concentration by particle size before and
after suction, and obtain the charadteristics of the
classifying plate and the 50% separated particle size.

Note that the flow rate of the air containing the -
calibration particles to be set when calibrating, shall be
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one point within a certain flow rate range.

l Calibration Particles

Classification Pla@e

_______ Light Scattering Type

qulecting Plate Particle Counter

(Collision Plate)

lTo Suction Pump

. Explanatory Figure 13 BLOCK DIAGRAM OF CALIBRATION METHOD
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APPENDIX 4  Calculation of Simulation for 8 Stacks of
Central Puerto and Centrai Costanera Power
Station (for 3 month long term sumulation
from June to August)



Appendix 4 Calculation of Simulation for 9 Stacks of Central
Puerto and Central Costanera Power Station (for 3
month long term simulation from June to August)

b:PUCOS Number of Stack: 9 Emissionr Source Data

X{m) Y(m) Ho{m) D{m} Q(Nm"8/h) T{ C) C{ppm)
1 100600.0 10006.0 70.0 7.8 1220400.0 138.0 202.0
2 9040.0 8020.0 84.0 4.2 B96400.0 136.0 201.0
3  8520.0 10380.0 47.0 5.0 2T70000.0 138.0 200,0
4 §580.0  10380.0 45.0 5.8 439200,0 188.0 201.0
B 8800.0 10320.0 47.0 2.0 B888400.0 138.0 201.0
8 13080.0 5780.0 BG.7 6.5 471800.0 136.0 6804.0
7 12880.0 5840.0 86.7 8.5 471800.0 138:0 407.0
8 13100.0 E740.0 87.5 4.8 1238400,0 188.0 201.0
9 12800.0 5700,0 1BE.0 5.8

1105200.0 138.0 200.0
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Day | Day & Might - Night )
Insolation  (epl/em* 2/ h} Cloud Amount
Wind: (n/g) »50  hr 48-25 hr <24  hr  8-10 hr 5-7(10)hr 0-4 hr

speca_(2/8) 250 b A LT B0 S e i S
0.0 A 0 A-B . .0 B o D o F 0 6 o
1.8 A 2 A-B 0 B 0 D ¢ F 0 6 i0
2,8 A-B 2B 0 C 1 5 ¢ E 0 F 13
3.8 B - 1 B-C g C oD 0 D 60 E 5
6.0 c 0 C-D 0 D 0 D 0 .D 0 D 0
7.0 C g D 0 I 0 b 1 b 0. D 0
o0 el
Dleeton i e emmeememeemammmmme e e eeme s
| Day - Day & Night Night
Wirig Ingolation  (cal/cm2/h) ' Cloud Amount
Speed (B/8) >50 hr 48-25 hr <24 hr =~ 8-10 hr BE-7{10)hr 0~4  hr
0.0 A 0 A-B ¢ B 0 D 0 F 0 G 0
1.5 A 1l A-B 0 B 0 D ¢ F 0 G - i3
2.5 A~B i1 B ¢ C ¢ D 1 E 0 F 17
3.5 B g B-C 0 C o D 1 0 E i2
5.0 c 4 C-D 0 D ¢ D a o o D 4
7.0 c 1D 0 D 0 D 0 D 0 D 1
T T
DO e oo em e e e e
Day Day & Night Night
Insolation  (cal/cm~2/h) Cloud Amount

Wind , {m/s) >80 hr 49-256 hr <24 hr B-10 hr &-7(10)hr 0-4 hr
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0.0 A 0 A-B O B 0 D 0 F g G 0
1.5 A 0 A-B o B 0 D 3 F 0 G 15
2.6 A-B 1 B 1 ¢ 6 D 0 E 0 B ib6
3.5 B 0 B-C 2 C 0 D 1D 0 E 5
5.0 C ¢ C-D 0 D [ 6 D 0 D T
7.0 Cc ¢ D ¢ D 0 D i D 0 D D
Wind.
U
Day Qay & Night Night
Vind insolation (eal/em*2/h) : Cioud Amount
Speed {(m/8) >50 hr 49-25 hr <24 hr 8-10 hr &-7(10)hr 0-4 hr
0.0 A 0 A-B 0 B c D g F 0 G O
1.5 A 1l A-B 0 B ¢ D ¢ F 0 G ‘8
2.8 A-B 0 B 0 C 0 D 1 E 0 F 8
3.8 B 0 B-C 0 & ¢ D 2 D 1l E 2
6.0 Cc 0 C-D 0 D 0 D T D 1 D B
7.0 C 0 D 0 D 0 D 2 D 0 D a
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Vind B

D e e e s s 0 e e et et et e e e e e
Day Day & Night Night
Wind Inselation  {cal/em"2/h) * Cloud Amount
Speed (M/8) >50 hr  49-26 hr <24 by 8-10 hr 5-7(10)hr 0-4 fhr
0.0 A o a-B 0 B o D o F 0 6 0
1.5 A 0 A-B 0 B oD 0o F 0 G- 5
2.5 A-B 0 B 0 C o D 0 E 0 F T
a.5 B 0 B-C 0 C 0 D 2 D 0 E i
5.0 C 2 C-D 1D ¢ D 1 D 3 D 11
7.0 c 0 D 0 D 0 D 2 D 1D 3
N
Do O e m e et e
Day . Day & Night Night
Wind, Insolation {cal/cm*2/h) ) Cloud Amount
Speed (m/s) >50 hr 48-25 hr - <24 hr  8-10 hr B-T(1l0)hr 0-4 hr
0.0 A 0 A-B 0 B 0 D g F 0 G 0
1.8 A 0 A-B 0 B 6 D 0 F 0 G 4
2.5 A-B G B 0 C 0 D 2 E 1 F 8
3.5 B 0 B-C 0 C 0O D 8 D 1 E i0
5.0 C 2 C-D 2 D 0 D is8 D 2 D 19
7.0 c ¢ D 2 D 1 D 11 D g D )
wi‘ﬁa"""'"""‘-*"""""""_""’""'""-“"""""'"""-"""'""‘""‘“""""""'"“““""-"‘“""‘""“." ----------
D"i"i‘ﬂ'lf? ................................................. o m————————— o
D .
ay Day & Night Night

insofation (dal/cm‘zlh)

Spesi (m/8) >80  hr 49-25 hr <24  hr 8-10 hr 5-7(10)hr 04 hr
0.0 A 0 AB 0 B ¢ D 0 F 0 @ 0
1.5 A 0 A-B 0 B 0 D 2 F 16 0
2.5 A-B 0 B 0 C 0 D 1 E 1 F 1
3.5 B 0 B-C 0 C o D 4 D 0 E 2
5.0 c 0 c-b 0 D 10D 1 D 2 D 6
7.0 c o Db 0 D o b 8 D 0 D 0
T
L
Day. Day & Night Night

insolation  (cal/cm*2/h) Cioud Amount

il (m/s) >50 - hr 49-25 hr <24 - br  8-10 hr S-T(20)hr ~ D4 hr
0.0 A 0 A-B ¢ B 0 D 0 F o G 0
1.8 A 2 A-B 0 B 0 D 3 F 0 € 1
2.5 A-B 2 B 0 G 0 D 0 E 1 F 3
3.5 B 0 B-C o C oD 0 D 0 E 5
5.0 c o C-D 0D 0 D 8 D 1D 8
7.0 c 0 D 0 D 0 D 3 D 0 D 1
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0.0 A 0 A-B 0 B © D 0 F 0 G 0
1.5 ‘A 0 A-B 0 B 1 D 3 F 0 G 4
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e T T T T T T T e e
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Day . ' Dav & Night Night
Wind : Insotation {cal/cm*2/h} 4 9 Cloud Amount
Speed (m/8) »30 “hr 49-25 hr <24 hr 8-10 hr B5-T(i0)hr 0~4 . hr
0.0 A 0 A-B 0 B o D ‘0 F 0 G 0
1.5 A 7 A-B 1 B 0 D 8 F 3 6 18
2,5 A-B 2 B 3 C ¢ D 8 E 3 F 10
3.5 ) 0 B-C 0 C 6 D 11 D 2 E 20
5.0 c 0 C-D 0 D 0o b 17 D 10 D 18
7.0 c 0 D 0 D 0 D 5 D 0 D g
Wind ew o TTThTTTTT TrmETTETTT T mE T mmmmm s TTommmmTTETTTT
Diection S e em e —— S
Day | ~ Day & Night Night
" Wind Insolation  (cal/cm*2/h) y 9 Cloud Amount
Snoed (m/s) >BO  hr 48-25 hr <24  hr . 8-10 hr 5-T(10)hr 0-4 hr
0.0 A 0 A-B 0 B 0 D 0 F 0 G 0
1.3 A 4 A-B 0 B 1D 4 F 1 6 11
2.5 A-B 5 B 2 C ¢ D 5§ E 2 F 14
3.5 B 0 B-C 0 C i1 D 5 D 0 E 17
5.0 c 1 ¢-D 0 D 0 D i D 1 D 12
7.0 c 0 D 0 D 0 D 0 D 0 D 0
Wind  wew T ToTTTmmmTm T T s e TR
DIe0n T,
Day Day & Night Night
Wind Insolation {cal/em”2/h) y g . Cloud Amount
Spgecl (m/s) >50  hr 49-26 hr <24 = hr 8-10 hr B5-T(10)hr 0-4 hr
0.0 A 0 A-B 0 B 0D 0 F 0 G 0
1.5 A 0 A-B 0 B o D 1 F 0 G 3
2.5 A~B 1 B 1 cC 6 D 8 E 2 F 18
3.5 B 2 B-C 0o C "0 D 0 D 0 E 2
5.0 c 0 C-D 0 D 0D 0 D 0D 4
7.0 C 0 D 0 D 0 D 6 D ¢ D 0
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Wind
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' Day _ : Day & Night Night
Wind Insolation " (cal/em*2/h) Cloud Amount
Speed {(m/8) >50 hr 49-25 hr <24 hr §=-10 hr 3-7(10)hr 0-4  hr
0.0 A 0 A-B 0 B 0 D 0 F 0 G 0
1.5 A 8 A-B 1 B 0 D B F 0 G 14
2.5 A-B 1 B 1 ¢ 0 D T E 0 F 13
a.s B 1 B-C 0 ¢ 0 b 2 D 1 E 7
5.0 C -2 C-D 1 D 0 D 0D (I 8
7.0 o 0 D 0 D 0 b 0 D 0 D 4
Wina  www T TTTTTTTmmmTmmmmmmmmm e n s
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Day Day & Night '9
i Insolation  (cal/em*2/h) 4 '9 Cloud Amount
Wrd (m/s) >80  hr 49-25 hr <24  hr 8-10 hr 6-7(10)hr 0-4  hr
T A 0 A-B 0 B o D 0 F 0 G 0
1.5 A 5 A-B 0 B 0o D 2 F 16 22
2.5 A-B 3 B 0 ¢ 0 D 2 B 0 F 14
3.8 B 2 B-C 0 ¢ 0 D 1 D 0 E 14
5.0 C 3 C-D 1D 0 b 2 D 2 D 15
7.0 c 0 D o D 0 D 2 D 1D B
Wind  ww T e s
000 N e
Day Day & Night Night
Insolation {cal/em*2/h) Cloud Amount

Wid (/8) »50 nr 48-25 hr <24 ° hr 8-10 hr 5-7(10)hr 0-4 hr
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0.0 A 0 A-B 0 B ¢ D 0 F 0 G [¢]
1.5 A 1 A-B 0 B ¢ D 0 F I G 13
2.5 A-B 4 B 1 ¢ 0 D 1 E 2 F 23
3.5 B 4 B-C g C ¢ b l D C E 11
5.0 C 2 C-D 0 D 0 D 6 D 0 D 23
7.0 C 2 D 1 D 2 D 8 D 0 D i4

Wind e

DO N

Day o Day & Night Night

Wind insolation {cal/cm*2/h) Cloud Amount
Spasg (M/®) >BO hr 49-26 hr <24 hr 8-10 hr 5-T(10)hr 0-4 hr
0.0 A 0 A-B 0 B ¢ D 0 F 0 G 0
1.8 A 1 A-B 0 B 0 D ¢ F o0 G 8
2.5 A-B 1 B 0 C ¢ D 2 E ¢ F ‘9
3.5 B ¢ B-C ¢ C 0 D 1 D 0 E 5
5.0 C 0 C-h 0 D ¢ b 6 D 0 D 7
7.0 G 0 D 0O D 1 D 2 D {4 5
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wmd CALM

DO e e o o e o e B B o 2 o e e
Day : Day & Night Night
X Ingolation (cal/em”2/h) o Cloud Amount
ﬂi& (m/s) >B6 - hr 48-25 hr <34  bhr 8-10 hr 5-7(10)hr - 0-4  hr
oo T N 5 A-B 0 B o T F 16 65
Y A 0 A-B 0 B 0 D 0 F 0o G 0
2.5 A-B o B 0 C 0 b 0 B 0 F 0
3.5 B - 0 B-C o C 0 D ) 0 E 0
5.0 c 0 c-D 0 D 0 D 0 D 0 D 0
7.0 c 0 D 0 D 6 D ¢ D o 0o
124 48
isd 28
. . | -k'."' fadalad [ad
W 1%[1’[\:’ 2 ] \ Ag b
7 e
-3
a7 54
'S
Calm: 68 hrs
Data

Range: X=20000.0, ¥=20000.0

Numbers of stack: 9 Road: 1 Measurement Point: 1
Total hours: 1199

Calm Continueing hours: 180.00 min

Plume Rise Formula: Concawe
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Cmax=4.7T81E-008
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Concentration of Superposition (ppm)

X(m)
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1.54E-003
1.87E~003
1.50E-003
1.78E-003
1.EBE-003
1.71E-003
1. 78E-003
1.74E-003

©1,59E-008
. 8.31E-004

8.30E~004

8.17E-004

8.01E-004
7.57E-004
7.34E-004
8.53E-004
8.19E-004
5.34E-004
5.24E-004

© 5.12E-004

5,00E-004

1.59E-003
1.81E~003
1.63E-003
1.65E-003
1.28E-003
1,78E-003
1.83E-003
1.84E-003

1.86E~008

8.5BE~(004

'8.59E-004

8.4BE-004
8.28E-004
7.B4E~004
7.00E-004
8.55E-004
8.36E-004

5.48E-004

§.38E-004
5.24K-004
5.11E-004

1.82E-003
1.85E-003
1.67TE-003
1,88E-003
8.33E-004
1.81E-003
1.88E-003

1.88E-003

1.87E-003
8.76E-004
B,75E-0D4
8.80E-004
8.05E-004
7.64E-004

‘B.92E~-004

6.83E-004
5.8BE-004
5.61E-004

5.48E-004

5.35E-004
&.0BE-004

1,67E-003

1.88E-003

1.70E-003
1.73E-003
5.68E-004
1.14E-003
1.74E-003
1,BOE-003

1.88E-003.

1,54E-003
8.8TE-004
8.,70E-004

8.11E-004

T.27E-004
7.05E-004
6.15E-004
8.05E-004
§.8BE-004
5.80E-004
5.83E-004
§.10E~-004

1.52E-003
1.55E-003
1. T3E-003
1.82E-003
1.25E-003
9.85E~004
1.30E~003
1.90E-003
1.83E-003
1.58E-003
9.21E-004
8.81E-004
7.82E-004
7.20E~004
T.14E-004
8.28E-004
8.18E-004
5.82E-004
5.69E~004
4.94E-004
4.85E-004

8.27E-004
1,82E-003
1.84E-003
1.70E-003

1.,80E-003

8.T3E-004
8.86E~-004
1,22E-003
1.7TTE-003
1.88E-008
8.46E-004
8.165E-004
7T.B2E-004
T.34E~004
B8.60E-004
8.41E-004
6.16E-004
8.02E~004
4,93E-004
4.T3E-004
4.42E-004

B.23E-004
B.52E-004
1.62E-003
1.80E-003
1,.60E-003
8.T8E-004
9.58E-004
1.07E-003
1.81E-003
1.88E-003
1.07E-003
9.42E-004
8.46E~004
T.85E-004
6.93E~-004
8.52E-004
5.88E-004
5.17TE-004
5.01E-004
4.B3E-004
4.48E-004
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B.14E-004
8.23E-004
1.58E-003
1.54E-0038
1.51E-003
8.20E-004

‘8,86E-004

i1.00E-003
1.22E-003
Z.18E-003
1.4BE~0023

. 1.32E-003

1.04E-003
9.11E-004
7.51E-004
6.04E-004

"5.55E-004

6.27E-004
5.08E~004

" 4,BBE-004

4.24E-004

Cmax=4.,7T81E~003

1.4BE-003
1.50E-003
1.50E-003
1,80E-003
1.42E-008
8.54E-004
9.52E-004
1.09E-003
1.46E-003
1.82E-003
2.14E-003
1.76E-008
1.56E-003
1.12E-003
8.05E-004
5.91E-004
5.23E-004

4., B8E-004

4.67E-004
3.02E-004
2.91E-004

1.59E-003
1.83E-003
1.62E-003

1.81E-003

2.15E-003
1.7TTE-003
1.88E-003
1.71E-003
1.84E-003
2,71E~003

‘2.6BE-003

2.48E-003
1.88E-003
1.18E-003
€.51E-004
4.56E-004
3.20E~004
2,8BE-004
2.69E-004
2.860E-004
2.B1E-004

Concentration of Superposition (ppm)
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10000

1.45E-003
1.53E-003
1.62E-003
1.65E-003
2.18E-008
2,17E-003
2.11E-008
2.13E-003
2.88E-003
3.57E-003
3,49E-003
3.00E-003
1.77E-003
1.06E-003
8.13E-004
4,28E-004
3.23E-004
2.88E-004
2.71E-004
2.60E-004
2.33E-004

11000

1.48E-008
1.6TE~003
1.86E-003
1.8TE-003
2.28E-003
2.74E-003
2.73E-003
2 ] 72E-003
3.29E-003
3!4BE“003
3,25E-003
3.30E-003
2.31E-003
9.31E-004
T.23E-004
8.14E-004
4.7TBE-004
3.38E-004
1.44E-004
8.23E-005
7.8BE-005

2.32E-003
1.82E-003
1.91E-008
2.32E-003
3.04E-003
3.1BE~003
3.87E-002
3.01E~-003
2.55E-003
2.00E-003
2.31E-003
2,23E-003
2.13E-003
1.43E-003
8.85E-004
4.07E-004
3.82E-004
3.75E-004
3.89E-004
3.5TE-004
3.43E-004
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2.31E-003
2.,34E-003
2.3TE-003
2.80E-003
2,.93E-003
3,.72E-003
3.,91E-003
3.88FE-003
2.26E-003
1.33E-003
1,34E-003
1.18E~-008
1.23E-003
1.50E-003
1.42E-003
1.01E-003
3., TBE~004
3.72E-004
3.88E-004
3.54E-004
3.31E-004
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. Cmax=4.7T761E-008

Concentration of Superposition (ppm)

.._u...._-nuu....-,........-_-...n......-.-un-----u-..-—-u“u....--_—-—-.—-—..h---.—-w--.... T e e A K v e w2 KA

2.29E-003 2,38E-003 2.23E~-003 9.T3E-004

2.33E-0603

'2.33E-003
2, 98E-003

3.37TE-003
4.78E-003

4.42E~003

3.88E~003
1.40E-003

. 9.68E~004
7 1,02E-003

8.75E-004

'8, 84E-004"
- 1.08E-003

1.,37E-003
1,33E-003

-1.11E-003
"8.TOE-DD4

3.58E-004
3.50E-004

© 3.27E~004

2.17E~-003

2.28E-003

1-69E—003
2,3BE-003

2:20E-003
2.88E-003

2,27E-003
2.28E-003

T.31E-004

8.58E-004
8.07E-004

1.09E-003.

1.08E-003
1.4BE-003
1,58E-008
1.27E-003
1.21E-003
8.21E-004
3.31E-004
3.22E~004

1.89E-003

1.16E-003.

1,30E~-003
1.24E-003
1,37E-003
).75E-003
1,3BE-003
1.BTE-003
1.47E-003

1.8BE-003

B.22E-004
1.0BE-003
1.0BE-003
1.15E-003
1.49E-003
1.44E~003
1.39E-003
1.82E-008
1.09E-003
6.16E-004

1.00E-003
1.05E-003
1,12E-003
8.70E-004
1.18E-003
9.15E-004
1.038E-003
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Appendix 5 Text Book of Air Pollution Control Technology

(1} Sulfur oxides
1) Technology trend

With economic activity expanded worldwide, the amount of
sulfur oxides discharged to the global environment is on
the rapid rise, creating a serious problem of large-
scale environmental destruction, such as acid rains.
Efforts to reduce sulfur oxides (SOj, 803) contained in
flue gas produced by burning fossil fuel are actively
pursued only in industrialized countries.

Sulfur oxides are produced when sulfur contents in fuel
react with oxygen in the air. At present, countries
attempt to reduce sulfur oxides in the following three
ways: '

a) Reduction of ground level concentration
b) Use of low sulfur content fuel
c)} Installation of flue gas desulfurization equipment

a) is accomplished by increasing the height of stacks
and bundling them, which improve the diffusion effect
and lead to reduction of ground level concentration.

b) is designed to reduce sulfur oxides contained in flue
gas by using desulfurized fuel oil, crude oil, or LNG

and other gases which do not contain sulfur. .

c) represents affirmative measures to remove sulfur
oxides directly from flue gas.

2) Exhaust gas desulfurization methods
The worldwide installed capacity of flue gas

desulfurization equipment is avound 200 million KW (gas
volume of 700 million Nm3/h), and 90% are located in
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Japan, the U.8., and former West Germany.

Desulfurization equipment is roughly divided into the

wet and dry types, and most of desulfurizers in
operation are of wet type.

The wet type flue gas

desulfurization process is classified into many types,
which are generally indicated by absorbent, alkali
material and by-product.

Table AS5-1 classifies major desulfurization processes

by-product.

- according to the type of absorbent, alkali material, and
Among them, industrial boilers and boilers
. for laxge non-utility'power plants mostly use processes

producing gypsum for further use,  in particular the

' On the other hand, the non-recovery
process is'mostly used for smaller boilers because of
large cost involved in the recovery process. The
recovery process is installed'bnly when by-products are
consumed internally or can be sold on a long-term
Smaller industrial boilers are mostly

lime-gypsum method.

commercial basis.

equipped with the discharge process using Mg(OH), or
NaOH as a raw material (discharged as magnesium sulfate
-or salt cake solution).

Table A5-1 Major Exhaust Gas Desulfurization Processes
' State of -
Method Péocess Absorbent | Absorbing Raw Material Bg" &
ype Solution : ' produc
Lime- Calcium Slurry Calcium CaCOj4 Gypsum
gypsum sulfite carbonate
Method CaS04 Slaked Ca(OH),
lime
Unslaked Ca0
linme _
Weth d M 1 lak
Method |Mg-gypsum|Magnesium|Slurry Slake Ca(OH Gypsum
Methgg sulfite lime : (OH) 2 Gyp
MgSo0 Calcium CaCO4
Calcium carbonate
sulfite
CaS04
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continued)

Solution

Soda Sodium Caustic NaOH Salt
Sulfite- gulfite soda cake
Salt Cake Na4504 Dis-
Method charge
Soda Caustic NaOH Soda
Sulfite soda sulfite
Recovery
Method
Soda . Calcium CaCO5 Gypsum
Sulfite- carbonate
Gypsum Slaked Ca(0H}),
Method lime
' Unslaked Ca0
lime
5o0da _ - Sulfuric
Sulfite~ acid
Sulfuric
Acid
Method
Wet Dilute Dilute |Solution |Calcium CaCoO4 Gypsum
Method |Sulfuric sulfuric carbonate
|Acid- acid
Gypsum
Method
NHq-~ Ammonium |Solution |Ammonia NH,OH Ammonium
oniam sulfite sulfate
Sulfate
Method
NH,- NH 50 Slaked Ca{0OH Gypsum
Gyhsum ( 4)2 3 lime )2
Method
Al-gypsum{Basic Slurry Calcium CaCOgy Gypsum
Method aluminum cargonate
iulfate
A (504 )3
Mg Method|Magnesium|Solution |Magnesium Mg (OH) , | Magne-
sulfite hydroxide cium
sulfate
Dis~-
charge
Activated|Activated Activated Sulfur
Carbon carbon carbon
: Absorp-
Dry [tion
Method |Mathod
Spray Ca(OH), Slurry Slaked Ca(OH}, |Gypsum
Dryer : lime
Method Na2C03 Sod ash Na,CO4 Others
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3)

All types of desulfurization equipwent currently in use,
excepting simple types, are capable of removing more
than 90% of sulfur contained in flue gas.

Wet desulfurization methods

As shown in Table A5-1, the desulfurization process is
classified into moxe than 10 types. Most of
commercialized processes are of wet type. In
particular, the wet type lime-gypsum method is widely
used in Japan. With operation of more than 20 years,
the process is highly reliable and is at a near
completion level of technology. It is most widely used
at thermal power plants because of the following
reasons: '

a) Lime stone used as a raw material for absorbing
agent is available locally in large quantities.
Lime stone is easy to use and most economical to
process and handle.

b) The by-product, gypsum, has a high commercial
value for cement and gypsum beard, and can be
gtored safely in large quantities.

Since lime stone is the cheapest and most abundant 50,
absorbing agent, the lime stone (lime) method will
continue to be the most popular desulfurization method
worldwide.

At the same time, given the increase in construction and

‘operation costs due to the increasing use of larger

systems, technology development is progressed for cost
reduction through system integration, simplification,
and energy saving. '

(a) Wet type lime-gypsum method: basic process

The process described below was one of first
commercialized, wet type, lime-gypsum, flue gas



desulfurization processes. Since then, it has been
modified in various stages and a large number of
processes have been develbped. This section defines
the process as the basic process of the wet-type
lime~gypsum method, which is described as follows.,

In the basic process of flue gas desulfurization
using the wet type lime-gypsum method, sulfite gas
(S50,) in flue gas is subject to liquid-vapor contact
with an absorbing slurry containing lime stone in
the absorber to produce calcium sulfite., Calcium
sulfite in the absorbing solution is oxidized with
air to produce gypsum, which is dehydrated to obtain
the useful by-product. The system diagram of the
lime~-gypsum desulfurization equipment is shown in
Figure AL-1.

The process consists of the cooling, absorption and
reheating section, the oxidization and recovery
section, and the material preparation section.

a) Cooling/absorption/reheating section

Exhaust gas produced from the boiler in
combustion is pressurized by a desulfurization
booster, and after heat exchange with gas at the
outlet of the desulfurizer through a gas gas
heater, enters a prescrubber. In the
prescrubber, flue gas is cooled down by spraying
a fluid recirculated in the tower, while removing
dust, HCl, HF, and other impurities contained in
the gas. The impurities so absorbed in the
prescrubber become Cl- and F~ ions, which
accumulate in the circulated liquid. To control
their concentration levels in the liquid, some of
the liquid is regularly discharged and sent to a
waste water treatment plant.

Exhaust gas cleaned in the presérubber passes
through a mist eliminator at the outlet of the
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b)

prescrubber for removal of accompanied mist and
enters an absorber,

In the absorber, S0, gas contained in the flue
gas is absorbed and removed through a liguid-
vapor contact with slurry containing lime stone,
which is circulated in the absorber. The major
chemical reaction in the absorption process is as
follows:

CaCO3 + S0y + 1/2H,0 ~--> CaS04°1/2H,0 + CO,|

‘Part of calcium sulfite produced in the absorber _

is oxidized by oxygen in the flue gas to become
gypsum (CaS0O4+2H,0). The flue gas after _
desulfurization goes through the absorber’s mist
eliminator to remove accompanied mist, and is
heated through the héat exchange process with gas
to the inlet cf the desulfurizer using a gas gas
heater, before being released to the air through
a stack.

Oxidization and gypsum recovery section

The calcium sulfite slurry produced in the
absorber is extracted and sent to an oxidizer
where it is oxidized by the air to become gypsum:

CaS03+1/2H0 + 1/204 + 3/2H,0 --> CaSO,+2H,0

In the process, to prevent unreacted calcium
carbonate contained in the absorbing solution
from being mixed in gypsum to cause poor quality,
sulfuric acid is injected into the oxidizer to
neutralize unreacted calcium carbonate.-

The gypsum slurry produced in the oxidizer is
condensed to a specific concentration in a
thickener, and after dehydration through a gypsum
separator, it is sent outside the system as the
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by-product.

The top clear part of the gypsum thickener is
sent to the materials preparation section and is
‘used for preparation of a raw material. Some are
also sent to the prescrubber and is used as make-

up water.

c) Materials preparation section

Lime stone used as a raw material, stored in a
lime stone silo, is supplied to a materials pit
through a dosing feeder and is mixed with the top
¢lear part of the gypsum thickener to produce
lime stone slurry. After being adjusted to a
specific concentration, the slurry is supplied to
the absorber and is used as the absorbing agent.

Stack Gas gas heater Cath; or-
Fl 5 Mist Calli),
e eliminator St
O
Booster
Prescrubber
= | Absorber
L Al i
— Slurry pit
Fiy-ash Oxidizer' -
dehydratex @_— Thicknexr

: : | Gypsum
To waste water n sgarator
treatnent facilities -

L).Gypsum

Figﬁre AS-1 System Diagram of Basic Process of
Lime-~Gypsum Desuifurization Equipment

The wet type lime stone (lime) process has a major
disadvantage in that gypsum produced in the process
causes scaling. Part of calcium sulfite produced
through the absorption process (CaS03-1/2H,0) is



(b)

oxidized by oxygen in the gas to become gypsum
(CaS0y+2H50) which deposxts inside the absorber,
piping, and demister.

To prevent scaling, the process is equipped with
various features, including design and operation of
the absorber.

In addition to prevention of scaling, the
prescrubber is designed to remove ash in the flue
gas to improve the quality of gypsum, and to remove
HCl and HF in the gas so as to prevent corrosion and
deterioration of reactivity of lime stone in the
absorber.

Major disadvantages of the lime-gypsum process are
relatively high cost due to the complexity of the
process consisting of a prescrubber, an absorber, an
oxidizer, and many other auxiliary equipment, and
large water consumption to prevent scaling.

JBR process

The process is a superior process having advantages
in less scaling problem, simple configuration with
relatlvely a small number of equipment for space

saving, and low construction and operation costs.

Procegs Description

The process is one type of the lime-gypsum method,
and using lime stone as a neutralizing agent, it
absorbs, oxidizes and neutralize SOx in flue gas to
fix it as gypsum. The process is made up of the
following three sections.
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a)

b)

Absorption, oxidization, neutralization, and
crystallization section

All processes of S0x absorption, oxidization,
neutralization, and crystallization are completed
in a jet bubbling reactor (JBR).

JBR forms a core of the process and serves as a
key element of process simplification,
considerable reduction of required space, and
significant saving in construction cost.

Exhaust gas introduced to the process is cooled
down in a prescrubber by spraying cooling water.
Then, it is injected into an absorbing solution

in JBR to form bubbles, through which
desulfurization occurs. JBR is a large reactor
which is filled with lime stone and gypsum

slurry, and has spargers (made of plastic pipes)
through which flue gas is injected to form bubbles
for desulfurization and dust removal. The
desulfurization rate is more than 90%.

Desulfurized flue gas goes through the eliminator
for mist removal, and is released through the
stack to the air. Absorbed $0, is oxidized by

the air blown into the reaction layer and oxygen

in the flue gas, then reacts with calcium in the
abéorbing solution to become gypsum and
érystallize. The gypsum slurry so obtained is
partially extracted to maintain the concentration
of gypsum in the absorbing solution at a specific
range, and is sent to the gypsum dehydration
section.

Lime stone supply section
Lime stone powders received and stored in a tank

are supplied through a feeder to a slurry tank.
The desirable slurry is prepared by adding JBR’'s
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Stack Demist
Gas gas heater mistex

-overflow fluid and is supplied to JBR.
c¢) Gypsum dehydration section

The gypsum slurry extracted from JBR is sent to
the gypsum dehydration section, where it is
dehydrated by a solid-fluid separator (centrifuge
or vacuum filter) and is separated into gypsum
and mother liquor.

Gypsum is stored in a warehouse before shipment,
and mother liguor is sent back to JBR.

The process is capable of producing quality gypsum
with almost 100% of utilization rate of lime stone,

‘without adding sulfuric acid. Gypsum produced from

the process is sold for materials of cement and

. gypsum board. The process is also characterized by

a very small COD in waste water.

Figure A5~2 illustrates the system diagram of the JBR
process. .

Eﬁg}f Limestone

Boiler

Prescrubber

Centrifuge

d R

Fan Blower \ \ :
To waste water treatment facilities Overflow Slurry tank
tank

Figure A5-2 System Diagram of JBR Process
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(¢)

(d)

Magnesium-gypsum process

Adding magnesium to the absorbing solution used for
the lime-gypsum method improves the desulfurization
effect considerably. The magnesium-gypsum process
has been deVeloped to make use of this phenomenon.
To obtain the same rate of desulfurization,
therefore, the magnesium-gypsum method allows the
absorber to be smaller than that for the lime-gypsum
method, tegether with a smaller liquid/gas (L/G)
ratio. Originally, the method to add magnesium to
lime was developed. However, because lime is more
costly than lime stone, the present method to add
magnesium to lime stone has been commercialized.

Other wet processes
a) Gypsum by-production methods

In addition to the above lime {lime stone) method,
there are various gypsum by-production methods
shown in Table A5-2. These processes were
produced to improve stability and desulfurization
efficiency when the lime stone~gypsum method was
not reliable encugh. Most of the processes,
therefore, were built in the 1970s.

Among them, the aluminum sulfate-lime stone method
in [1] has relatively many advantages. 20 plants
have been Conétructed'up until recently, compared
to other processes which have not been installed
since 1985. The method in [2] has disadvantages
in large plant cost and power consumption. The
methods in [3], [4] and [5] absorb SOx by suing
soda or ammonia and use lime or lime stone as the
precipitating medium. Because of problems related’
to soda loss and waste water treatment, new
facilities have not been constructed recently.
The method in [6] resolves lime in a calcium
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chloride solution, and the method in [7] adds

maleic acid to lime stone.

Neither methods are

not widely used because [6] requires corrosion
resistant materials and [7] reguires waste water

treatment.

waste water but
cost as it uses

The method in [8] discharges less

requires relatively high operating

formic

acid.

Table A5-2 Comparison of Gypsum By-Production Methods

Ea?e ?esul— Const-|Power| Absorb-
‘ o uri- ruc-  |Con~ jWaste in
No. Process Opera-|zation| tion |sump-|Water Agegt
tion | Rate Cost {tion Cost

{1] Aluminum sulfate-

lime stone method (o} . 0 o] . .
[2] biluted sulfuric

acid-lime stone

method ' 0 . X b'4 . o
[3] Soda~lime stone

method . o x X . *
{4} Soda-lime method . e b4 e} . X
{5] Ammonia-lime method o b4 o X X
{6] Calcium chloride- :

lime method s . e . o X
{7] Organic acid soda-

lime stone method o o o] o x 4
[B] Formic acid-lime

stone method e} o] o o b X
Notes: o; Excellent s: Fair x; Poor

b) Ammonia absorption method

The technology to absorb SO, by an ammonia

solution and oxidize it to produce ammonium
sulfate for fertilizer is relatively simple, but
is not widely used in industrialized countries,
partly because ammonium sulfate is already in
oversupply as the by—product-in-the nylon
production process, and partly because the gas
after desulfurization produdes thick white smoke,
which, seemingly particles of ammonium sulfate,
is difficult to be washed away by water.
Although the wet type of electrostatic
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precipitator has been used in some facilities,
the need for advanced equipment prohibits wide
use and few facilities are operated in Japan.

{e) Ash (dust) treatment methods

The wet type desulfurizer alsd serves as a wet dust
collector. In the desulfurization equipment using
spray towers, concentration of dust at the outlet of
the absorber reaches less than lOOmg/Nm3. In the
flue gas desulfurizer for coal-fired boilers, dust
is treated by either the ash separation or ash
nmixing method. Under the ash separation method, a
prescrubber is installed before an absorber for prior
washing and dust removal: The method is effective
-in preventing the deterioration of the
desulfurization effect due to the inflow of HCl and
HF in flue gas to the absorber, while reducing
impurities in gypsum by removing dust in advance,
thereby to improve the quality of gypsum. Under the
ash mixing method, the absorber performs absorption
of 505 gas and the removal of dust, HCl and HF
simultaneously. Compared to the ash separation
method, it offers cost advantage while purity of
gypsum recovered is relatively low.

Selection of either method is governed by quality
requirements for gypsum and economy of the flue gas
desulfurizer. Generally, the ash separation method
is suitable for the situation where the quality of
gypsum is important, whereas the ash mixing method
is preferred when economy is given of priority. Its
by-product, gypsum, is used for cement and board,
and gypsum produced in the ash mixing method can be
used as gypsum board.

(f) Gas reheating system

The wet desulfurization method has a disadvantage in
that flue gas after desulfurization needs to be
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reheated to 90°C - 100°C, before discharge, because
‘flue gas leaving the absorber is fully saturated
with water and itfprodudes'white smoke or corrodes
the flue. Originally, reheating was carried out by
the after-burner using low-sulfur fuel. Then, from
the energy saving viewpoint, the gas gas heater to
heat low-temperature gas at the outlet of the
desulfurizer by high temperature gas at the inlet.
The gas gas heater is divided into a) rotary/
reproduction type, b) medium circulation type, and
¢) heat pipe type.

a) Rotation/reproduction type

The rotor having radial barriers is filled with
laminated, corrugated pldtes as a heat storage
medium. The rotor rotates between high _
temperature'gas and. low temperature gas to
effectuate heat exchange, thus heat is
transferred from the former to the latter through
the laminated/corrugated plates.

The method allows the system to be made compact
in size. On the other hand, its construction
allows dust and gas to leak from the untreated
high temperature gas side to the low temperature
gas side, resulting in relatively poor
desulfurization and dust-removal performance.

b) Medium circulation gas gas heater

Heat is transferred by circulating a heat medium
between two separate shell-and-tube exchangers.
It has advantages in absence of dust or gas
leakage, and the ability to adjust flue gas
temperature by varying the amount of medium
circulation or using a heat medium heater. Also,
the heater can be made into a large size, with
the highest flexibility in equipment layout.
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Hot gas E} . 'To stack
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Steam

Heater
O~ = -

%H)Damper
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Heat recovery  Reheat

! !

To DeSOx Cold gas

Figure A5~3 Medium Circulation Gas Gas Heater

c) Heat pipe type gas gas heater

A heat medium is sealed in a closed system, where
the medium is heated and evaporates in a high
temperature section, and releases heat and
condenses in a low temperature section. The
condensed medium returns to the high temperature
section to repeat the process. Since heat
exchange is performed in the form of natural
circulation of the heat medium, no driving part
is required to consume much less operating power.
(Figure A5-4)

A5 -~ 15



4}

Steam

y Condensing section
Colal gas mp

Liguid -

Hot gas *

» Vaporizing section

-Figure A5-4 Heat Pipe Type Gas Gas Heater

The conventional gas gas heater has been mostly
of rotation/reproduction type. Because of dust
and gas leakage, however, the non-leak type

‘medium circulation heater or the heat pipe type

gas gas heater is increasingly used recently when
high desulfurization or dust removing performance
is required. Whichever type is selected, the
facility cost increases due to the use of a gas
reheating system.

Dry and semi-dry desulfurization methods
(a) Dry desulfurization method

The simplest method is to blow lime stone powders
into a furnace kept at 800°C or higher and to absorb
504 by Ca0 produced during the decomposition of
CaCO5 and collect it by using the electrostatic
precipitator (EP). This method can only achieve the
desulfurization rate of 30% even if the amount of
CaCO3 used doubles the theoretical amount against
50,5, thus only 15% of lime is utilized.
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(b)

On the other hand, slaked lime Ca(OH), is generally
small particles of pm, which easily reacts with 50,.
By blowing slaked lime into a furnace kept at about

1 900°C or a duct or reactor at 200°C to 400°C, 40% -

50% desulfurization is accomplished under mole ratio
of 2.

These methods are not used at large gas sources
because of relatively low desulfurization rates. In
Japan, a few hundred units are used to remove 509
and HCl for purification of flue gas from solid
waste incinerators in urban areas. To improve the
desulfurization rate, some countries are

- experimenting the method to spray water to the

downstream of the blow point of the lime stone in
the furnace or the upstream of the blow point of
slaked lime of the duct.

Semi-dry desulfurization method

Slaked lime slurry is sprayed into the absorber kept
at 150° - 250°C, and CaSO3 produced is dried by heat
of exhaust gas and that produced by reaction.

Powder products are collected by the electrostatic
precipitator or bag filters.

The desulfurization rate can be improved by
increasing water content in the slurry to give more
moisture to flue gas, and lowering temperature to a
level where steam saturation occurs.

The bag filter method can desulfurize flue gas when
gas passes through lime layers depositing on bag’s
surface, with desulfurization rate of around 90%
under mole ratio of 1.5. WNevertheless, the bug
filter causes greater pressure loss than the EP and
increases power cost,
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The method needs to use slaked lime as an absorbing
agent,_because lime stone is not suitable for the
purpose. In addition, the amount of slaked lime
blown into the absorber is 1.5 times the theoretical
amount, so that the cost of absorbing agent
increases when flue gas with high 50, concentration
is to be treated.

5) Simplified desulfurization methods
(a) Semi-dry type simplified desulfurization method

The process consists of "primary-desulfurization“ in
which lime stone powders are blown into the furnace,
and "secondary desulfurization® to spray water into
flue gas,

A water-gspray cooling tower is provided between the
air heater and the dust collector. Lime stone
powders are sprayed into the boiler at around
1,200°C with the mole ratio of 2 - 5 and pass
through the spray tower for improved -reactivity.

The desulfurization rate increases with decrease in
gas temperature toward the dew point of steam and
reaches 80% at 60°C with the mole ratio of 3.

Most of the S0, desulfurization process are done in
the spray tower.

The method requires relatively small facility cost
and space because of the simplified process. Also,"
no slurry is used to assure ease of operation and
maintenance and to eliminate the need for drainage.
One disadvdntage is large consumption of lime stone
powders. '
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6)

(b) Magnesium hydroxide absorptibn effluent method

The slurry cbntaining magnesium hydroxide (Mg (OH) )
is used as an absorbing agent. Magnesium sulfite
produced from SO, absorption is oxidized by the air
and a magnesium sulfate solution is discharged.

Because of its simplicity and low facility cost,
including the cost of the absorbing agent which is
much cheaper'than caustic soda, the method has been
increaéingly used since 1980. 1In Japan, about 100
plants have been censtructed to treat flue gas from
industrial operation. ' '

As magnesium sulfate is an ingredient of seawater,
it can be safely discharged into the ocean. The
method is suitable for small- to medium-scale
desulfurization facilities and can be widely used in
couritries where power plants and factories are
located near the sea.

Desulfurization cost

- Table A5-3 shows cost estimates of the lime stone-gypsum
‘method foxr a higher case (plant cost of US$190/KW with

power consumption of 2%) and a lower case (plant cost of
US$95/KW with power consumption of 1%). For each case,
calculation is made for two depreciation periods, 7
years and 15 years which are adopted in Europe and the
U.s.

In the lower cost case, the desulfurization cost per
1KwWh is estimated at 7 to 8 cent. The cost is around
one half that found a few years ago and has been real-
ized for fuel oil-fired boilers. It is also expected to
achieve for coal~fired boilers.
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Table A5-3 Cost Estimates for Lime Stone-Gypsum Method

(500MW coal-fired boiler,_capacitg _
= 1000ppm;

utilization rate of 70%, S50
desulfurization rate of 92%

f

_ High Low
Capital investment
(million US$) .95 7
Fixed cost 21.90(a)|14.30(b)|10.80(a)] 7.00(b)
Power cost : o '
Annual] (11 cent/kWH) 7.05(c)| 7.05(c)| 3.50(d)] 3.50(d)
. Cost  |Lime stone/chemical 3.33 3.33 3.33 3.33
(mil- [Other 7.62 7.62 6.67 6.67
lion |Sub-total 39.90 32.30 24.30 20.50
Uss$) Gygsum ' . ' :
(85,000 tons/year) -2.43(e)|-2.43(e)|~1.62(f)[~1.62(f)
Total 37.47 29.87  |22.68 18.88
Annual cost per KWh (centg 1.22 1.00 0.70 0.60
Annual cost per 502-m3 Uss - 4,15 3.32 2.53 2.11
Annual cost per S05-kg (USS$ 1.45 1.16 0.89 0.74
Notes: a) 23% of plant cost b) 15% of plant cost
c) Power consumption - 2% d)} Power consumption - 1%

e) Gypsum -~ US$ 28.60/ton

f) Gypsum - US$ 19.00/ton

General relationship between the size of the
desulfurization facility and plant cost is shown in
Figure A5-5. The cost of the desulfurizer using soda or.
magnesium as an absorbing agent (A in the figure) is
around one half that of the lime stone-gypsum method
(occupying the lower part of the zone in B).

AS - 20




Powar genaration capacity (M®)
3 10 30 100 300 1000
200 Y 1 T T

100

b o

S o

+ I

N
LN
NN
N
NN
— N

St
(=3
I

Plant cost (100MM Yen)
n
T

— X3
f T
N
TN
N\
N
N
Y

: 1 L 1 L
10 30 - 100 3060 10600 3000
Desposal gas (10008m3/h)

(US$ = 105 ¥n)

<
n

Figure A5-5 Relationship between Size of Desulfurization
Facility and Plant Cost

éA_for the soda orxr magnesium absorption/
isposal method and B for the lime stone-

gypsum methqd and others)

Figure A5-6 compares the plant cost and running cost for
various processes. Note that the cost is indexed on the
basis of the lime stone-gypsum method (capital cost of

US53143/KW, and power consumption of 1.5%) which cost is

100.

The soda or magnesium absorption/disposal method
requires low plant cost but higher running cost (mainly
the cost of absorbing agent). Thus it is not eccnomical
for large plants and is widely used for smaller plants.

The magnesium absorption method producing sulfuric acid
requires relatively high plant and running costs,

The method to recover soda sulfite and ammonia sulfate
requires relatively low plant and running costs, but
demand for the by-products is limited.
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(2) Dust removal technology

1)

Dust production and control measures

When any fuel except for gas. fuel such as LNG is burned
in a boiler, ash content in the fuel turns into dust.
Thus, for most of boilers which burn fossil fuels
including fuel oil, crude oil, and coal, proper measures
are called for to reduce or control the amount of dust
produced from such combustion. The amount of dust
varies with the tYpe of fuel. Comparing fuel oil and
coal, the latter has high ash content, hundred times
that of the former, to produce a much larger amount of
dust.

At present, the widely practiced measures to control
dust production are as follows:

{(a) The use of high-grade fuel

(b} Proper combustion control

(c) Installation of the dust collector

A primary example of (a) is to use gas fuel such as LNG.
Control measures in (b) involve the careful control of
combustion in a beoiler to minimize dust production.
Recently, more and more thermal power plants in Japan

use automated combustion control systems to reduce the
amount of dust produced when load is changed.

‘Control measures in (c¢) are characterized by the removal

of dust in flue gas discharged from boilers at non-gas-
fired power plants by means of dust collectors.

'Usually,'coal-fired boilers are required to use dust

collectors, so are oil-fired boilers if more strict
control is imposed. In Japan, power plants are equipped
with high performance collectors at all of coal- and
oil-fired thermal power plants, capable of effectively
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2)

3)

removing dust. As for the type of dust ¢collector, a
cyclone dust separator and an electrostatic precipitator
are used in combination for coal-fired power plants,

For oil-fired power plants, electrostatic precipitators
form an integral part of pollution control systems.

Cyclone dust separator

The cycleone dust separator'serves as a pretreatment
stage for the electrostatic precipitator and is often
used at coal-fired power plants and other plants_which'
burn fuel producing a large amount of dust. As its name
implies, the cyclone creates a circular flow of flue
gas, accompanied by centrifugal force, to separate and
cellect suspended particles in the gas. If a large
amount of flue gas is to be handled, two or more
cyclones are needed to collect particies. Cyclones
arranged in parallel are called the multicyclone, which
is mostly used for power plant boilers.

Bag filter

The bag filter (BF) is a device to catch dust in flue
gas by using a bag~like cloth filter. In Japan, it is
widely used for industrial purposes,'lncluding steel
plants, but not at coal-~fired thermal power plants. On
the other hand, in the U.S., the bag filter for coal-
fired power plants has been commercialized and is widely
used at those in the U.S. and Australia since 1973.

As shown in Table A5-4, the largest advantage of the BF
lies in its ability to achieve a high rate of dust
collection regardless of the type of coal. On the other
hand, it is subject to large draft. loss, requires
relatlvely a large space for installation, and the
filter has relatively short life. Nevertheless, its
ability to collect dust at a steady rate makes it
popular for the use at coal-fired thermal power plants
in the U.S. and Australia, where more than 100 unite are
operated or planned.

A5 - 24



In Japan, although the BF has been commercialized for
industrial coal-fired boilers, it has not been used at
thermal power plants, partly because technical
requirements for the dust collection devices as the high
performance flue gas treatment systems for thermal power
plants are different from those in other countries, and
partly because the BF is inferior to the EP in terms of
economy and maintainability.

Table A5-4 Comparison of Bag Filter (BF) and
Electrostatic Precipitator (EP) for
Ccal-Fired Thermal Power Plants

No. Item : BF EP
1 |Collec- Less affected by the  |collection perfor-
- jtion Per-|change in the type of mance is afffected
formance (coal, offering constant b¥ certain types
" |Jcollection performance. of coal.
2 |Mainte- Periodical replacement Annual maintenance
nance of filters is required. suffices.
(once every 2 or 3 years)
3 Pressure (High (100-150mmH,0) Low (20mniH40)
Loss _ :
4 Running Large Small
Cost
5 Operation|The U.S. and Australia, Widely used in

Record not Japan. many countries.

Compared to the EP, the BF has a low rate of capturing
particles smaller than 1 microns and produces pressure
loss a few times larger. To cdmpensate for these
disadvantages, the electrostatic bag filter has been
developed and is commercially used by the steel industry
in Japan. '

The electrostatic bag filter has a static charger in

front of a bag filter, where corona discharge is
produced to electrically charge dust in flue gas, which
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4)

is then captured by the filter at the later stage.

Electrostatic precipitator

(a)

(b)

Collection performance requirements

Recently, in'Japan,'there is increasing demand for
high dust collection performance to an extent that

‘flue gas is not visible.

Generally, a smoke is recognlzed by human eyes by
scatter light reflected by particles. 1Its thickness
is governed by concentration of dust, as well as a
sum of surface areas of partlcles, i.e., the smaller
the particle size is, the thlcker the smoke is.

Thus, to prevent a visible smoke  from occurring,
reduction of dust concentration as well as the
removal of sub-micron particles are essential,
requiring the high performance electrostatic
precipitator.

Together with other requirements, various types of
electrostatic precipitators have been developed
according to characteristics of dust contained in
various types of flue gas, and are in commercial
use.,

General outline of electrostatic precipitator

The EP electrically charges dust in flue gas by
using corona discharge, and sepaiates and collects
them by action of electric field (coulomb force).
More precisely, producing corona charge by applylng
high voltage to the dlscharge electrode causes
particles in flue gas to be attracted and deposit on
the collecting electrode on the oppbsite_side. o
Particles so collected are then led to a hopper by
using a rapping device. The EP is classified into
two types according to the range of installation
temperature, namely high temperature type and low
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temperature type.

The low temperature EP is installed in a low
temperature range (140°C - 160°C) at the outlet of
the boiler’s air preheater. On the other hand, the
high temperature EP is installed in a high
temperature range (350°C ~ 400°C) at the outlet of
the boiler’s economizer., The high temperature EP is
used because, while the EP’s collection efficiency
largely depends upon electrical resistance of dust,
dust’s electrical resistance decreases with the rise
in temperature with a smaller difference due to the
. type of coal used. At present, the high temperature
EP is used at coal-fired thermal power plants which
burns different types of coal.

Recent coal-fired thermal power plants are
successfully removing 99.9% or more of dust produced
from boilers by using the wet desulfurizer in
combination with the EP, either the low temperature
or high temperature type.

Figure A5-7 shows typical construction of a dry type
electrostatic precipitator,
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Figure A5-~7 Typical Construction of Electrostatiic
Precipitator

(c¢) Comparison of dust properties in flue gas from oil-
fired and coal-fired boilers

Properties of boiler flue gas vary greatly with the
type and characteristics of fuel, and the type of
combustion system.

Table A5-5 shows typical properties of flue gas and
dust produced from oil-fired and coal-fired boilers.

Comparing fuel oil and coal, coal has ash content
100 to 200 times greater than fuel oil does,
resulting in the amount of dust in flue gas more
than 100 times greater and higher resistivity of
dust. '

The dry electrostatic precipitator is said teo show
stable performance when dust’s resistivity is
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between 10%0cm and 1011Qcm. Dust having resistivity
exceeding_lolanm is called high resistance dust.
When dust'’s resistivity is high, an abnormal
phenomenon peculiar to the electrostatic
precipitator, called inverse ionization, occurs to
reduce the collection efficiency considerably. Dust
produced from coal-fired boilers has sometimes high
electrical resistance, depending on the type cof coal
burnt, and special.design considerations are made
“for the EP,

Dust produced from oil-fired boilers is smaller than
that from coal-fired boilers. In particular, dust
from oil-fired boilers is often less than 1 micron.
More important, both types of boilers produce large
amounts of small particles to make it difficult for
the ordinary EP to maintain dust concentration at
the boiler’s outlet below 100mg/Nm3. To maintain
dust concentration at the outlet below 40mg -
SOmg/NmB, the high performance EP capable of
capturing submicron particles is essential.
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Table A5-~5 Comparison of Properties of bust in Exhaust
Gas from Oil-Fired and Coal-Fired Boilers

Coal-fired

Item Oil-fired

Gas quantity % : 160 aggrox. 120

Gas temperature °ec 130 - 150 -130 - 150

Gas pressure - mmAg 0 - +100 ~200 =~ -500
(forced draft) {balance draft)

Dust quantity at inlet ' |g/m3N| 0.05 -~  0.15 10 - 20

Particle diameter pm 3> 30>

Dust contents :

5102 wt% jash content: 60 -~ 75

: 15 - 20 :

Al1203 " - 15 - 20

S03 " 25 - 35 0.3 - 0.7

C " 50 -~ 60 0.4 -~ 0.8

Resistivity Q-cm 104 - 108 1010 - 1013

. Nominal specific grav1ty g/cc 0.1 - 0.2 0.6 -~ 0.8

Re~ scatterablllty High Low

Adhesiveness Large Small

Abrasiveness Large Small

(d) EP for oil-fired boilers

Suspended dust in flue gas from oil-fired boilers

consists of oil

ash,

unburnt carbon, and a trace of

503 mist, which are mostly in micron size and ten
times smaller than dust from ccal-fired boilers.

Also, dust from oil-fired boilers is mainly made of
carbon, which has low resistivity and small nominal
specific gravity, opposite to dust from coal-fired

boilers.

As a result, dust may be re-scattered and

pass through the EP without being captured.

One solution to this problem is to inject NH3 gas
into flue gas prior to the EP and to allow ammonia
sulfate thus produced to mix with dust to increase
resistivity, thereby to improve the collection rate.
In this case, the amount and method of NH; gas
injection should be carefully controlled to ensure
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(e)

sufficient reaction. ' Otherwise, acidic ammonium
sulfate is produced to cause ash clogging and
corrosion and to adversely affect electrical

charging.

EP for coal-fired boilers

a)

b)

High temperature EP

The high temperature EP has been increasingly

used at coal-fired thermal power plants in the
U.S. since the 1970s. It takes advantage of
characteristics that dust’s resistivity declines
in a high temperature range at the outlet of the
boiler economizer. As a result, it is capable of
captufing fly ash that cannot be collected by the
conventional low temperature EP.

At the same time, however, the high temperature
EP operates in a high temperature range between
320°C and 360°C to treat a larger amount of flue
gas, requiring larger equipment than the low
temperature EP does., Also, care shall be taken
to select appropriate materials capable of
structurally withstanding high temperature, and
to deal with thermal distortion and
expansion/contraction.

Low temperature EP

The low temperature EP in the low temperature
range at the outlet of the boiler’s air preheater
has been operated at many plants, since the first
use at coal-fired thermal power plants in the
1950s, and has been proven to be highly reliable.
However, collection performance tends to decline
due to dust with high resistivity, and the
following provisions are required in relation to
equipment design features:
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a. The use of the collecting electrode with
construction to allow smooth transfer of
rapping impacts to compensate for strong
adhesion of highly resistive dust to the
collecting electrode

b. The use of the discharge electrode with shape
to provide discharge characteristics enough to
prevent deterioration of performance due to '
the adhesion of dust to the electrode, which
reduces discharge current

c. The use of the intermittent dharge control
system to reduce the charge accumulated on the
collecting electrode, thereby to prevent
damage by dust with high resistivity

d. The increase in EP capacity for improved
collection performance

A5 - 32



(3)

Technologies to Remove Nitrogen Oxides

1)

Production of nitrogen oxides (NOx) and control measures
NOx in the air is produced from both'natural-and man-
made sources. Natural sources include thunderbolts,
volcanic eruption, and bacterial activity. Man-made
sources are divided, according to the type of discharge,
to fixed sources (such as thermal power plants and
factories), mobile sources (automobiles, ships,
aircraft, diesel locomotives), and small group sources
(kitchens and heating facilities). Thus, compared to
sulfur oxides, NOx sources are diverse and are widely
distributed.

The amount of NOx (NO and NO,) produced worldwide is
approximately 100 million tons/year from man-made _
sources, which are much smaller than 500 million tons
produced from natural sources. However, NOx produced
from man-made sources concentrates on densely populated
urban aveas and industrial zones to present a serious
environmental problem.

The most adverse effect of NOx is that it reacts with
hydrocarbons under the influence of ultraviolet rays to
produce photochemical oxidants (photochemical smog),
which present a problem in large cities with heavy
automobile traffic, including developing countries.
Various researches have revealed that photochemical
oxidants contribute to forest damage, prompting
regulatory control of exhaust gas from automobiles in
Japan and the U.5., followed by Western Europe. Other
countries also have concern.

Nitrogen oxides, known as NOx, include nitrogen oxide

(NO), nitrogen peroxide (NO9), and nitrogen suboxide
(¥50). More than 90% of NOx produced from combustion
are NO, with a small amount of NO,.
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NOx produced from combustlon of a fuel in a boiler are
mostly nitrogen monoxide (NO) and nltrogen dioxide
(NOZ), and generally, NO accounts for around 95% of NOx.
NOx produced from combustion are divided into thermal
NOx which is produced when nitrogen molecules in the air
mixed with the fuel reacts with oxygen under high

temperature, and fuel NOx whlch is produced when

nitrogen compounds contained in the fuel are oxidized
during combustion. Although varying with the type and’
method of combustion, thermal NOx accounts for 100% of
all NOx produced from combustion of gas, 30% - 40% in
the case of fuel o0il or crude oil, ‘and 10% - 20% in the
case of coal. Thermal NOx can be reduced by lowering
combustion temperature and oxygen concentration, and
reducing the period of combustion gas staying in the
high temperature range. On the other hand, fuel NOx can
be controlled by using a 1ow—nitrogen~content fuel.

At present, there are three types of measures in place
to reduce nitrogen oxides produced from power plant
boilers:

a) The use of less polluting fuel
b) Improvement of combustion

c¢) Installation of flue gas NOx reduction equipment

a) means the use of light oil or LNG with small nitrogen
content.

b) involves the improvement of combustion method to
reduce production of NOx in the boiler combustion

process.

c) is designed to remove nitrogen oxides directly from
flue gas.

The use of less polluting fuel

Fuel NOx can be reduced by using a fuel with low
nitrogen content or removing nitrogen content from the
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_3)

fuel before the use.  As for fuel oil, nitrogen can be
partially removed in the process of reducing sulfur
through hydrogenated desulfurization. BAnother effective
measures are the reduction of excess air in the
combustion process.

As 15% - 50% of nitrogen in the fuel are converted to
fuel NOx, its production increases with the increase in
fuel’s nitrogen content. Generally, nitrogen content in
the fuel is the highest in coal, followed by fuel
oil/crude oil, naphtha, and gas. Thus, light
distillates contain less nitrogen and thus produce less
fuel NOx. In particular, gas fuel such as LNG contains
few nitrégen compounds and produces few fuel NOx. Also,
it does not produce much thermal NOx, because it can be
thoroughly mixed with the air to complete combustion
within a much shortex period than coal, fuel oil or
crude oil does. ‘On the other hand, coal, fuel oil, and
crude oil have higher nitrogen content, and coupled with
combustion period and flame temperature, they produce a
larger amount of fuel NOx.

Improvement of combustion

Major combustion management measures for NOx reduction
are as follows:

(a) Low excess air combustion method
(b) Two-stage combustion method

{c) Exhaust gas mixing method

(d) Low NOx burner

(a) Low excess air combustion method

As discussed above, production of thermal NOx
increases with the rise in combustion temperature,
the increase in 05, and the increase in time staying
in the high temperature range. In particular, NOx
can be reduced by 10% to 30% by reducing Oy in the
combustion gas by half (2% to 3%). This can be
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accomplished by reducing excess air for combustion.
Careful control is required to prevent incomplete
combustion accompanied by soot due to insufficient
~air supply. Table A~5-6 shows reduction of NOx
production through low excess air combustion.

In developing countries, O, in combustion gas is not
measured and highly excess air is used to avoid
incomplete combustion. As a result, NOx production
amounts to [2] in Table A5-6. By controlliﬁg excess
air to the minimum required level on the basis of
accurate measurement of 0, in the combustion gas,
NOx can be reduced by 20% -~ 30%, with saving in fuel
consumption by 5% - 10%.

Reduction of excess air also leads to the reduction
of 803. 50, adversely.affects the environment and
corrodes equipment after a combustion furnace or
boiler, such as air heaters and EPs. Since S03
cannot be fully removed through the wet type flue
gas desulfurization process, control of excess air
is considered as an important means to reduce it.

Table A5-6 Reduction of NOx by Low Excess
Air Combustion

(Units: NOx ppm)

Fuel Coal Fuel 0Oil Gas
N(%) - 0.7-3 0.1-0.5 0
0, Equivalent (%) 6 4 5

[11{Standard -
Combustion 550-800 400-500 300-400
[2]|Air Excess '
_ Combustion 600-900 500-600 350-450
[3]|Low Oxygen
Combustion 450-650 300-400 200-300
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(b)

(¢)

Two-stage combustion method

This is relatively a simple method to reduce NOxX.

By reducing air for first combustion (first stage),

a reducing atmosphere is created to reduce NOx, and

over-fire air is injected from the upper part of the
furnace to induce complete combustion. As a result,
combustion temperature is decreased. This method is
particular effective in combusting coal since it can
reduce fuel NOx in the reducing atmosphere. On the

other hand, the method tends to increase unburnt

carbon in the ash. It alsc tends to cause
incomplete or unstable combustion to produce unburnt
matters such soot and CO. Finally, the two-stage
combustion method produces a reducing atmosphere in
the high temperature range (around 1,500°C), calling
for appropriate corrosion control measures.

To implement the two-stage combustion methed in
existing boilers, an over-air port should be
provided in the upper part of the burner.

Exhaust gas circulation method

Part of flue gas at 350°C - 400°C is returned to
around the burner to mix with combustion air,
thereby to reduce combustion temperature and O,
concentration during combustion and to decrease NOx
production. A fan and duct should be provided to
circulate flue gas. '

If an excess amount of flue gas is recirculated, the
method causes poor cdmbustion, although effective in
reducing NOx. An appropriate amount of
recirculation is said to be 20% to 30% of the amount
of combustion air.
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{(d) Low NOx burner

()

The low NOx burner is;désigned to achieve optimum
combustion by forming a fuel-rich combustion zone
and a_fﬁel—lean combustion zone for the purpose of
initiating premix combustion and diffusing
combustion at each burner. As a result, combustion
temperature and oxygen concentration at the burner
are reduced and the duration of combustion gas
staying around the burner is shortened to reduce
production of NOx.

Many types of low NOx burnerx have been developed.
Overall effect of combustion management

By combining various methods described above, the
significant effect of NOx reduction can be expected.

In Japan, more than 100,000 fixed sources
{accounting for 95% of total flue gas discharged)
have successfully reduced NOx through improvement of
combustion. | '

Relative small boiler facilities have reduced NOx by
20% - 40% by converting their fuel from fuel oil to
kxerosene and using the low NOx burner. Large
boilers have achieved the reduction rate of 60% to
70% by combining the low NOx burner, two-stage
combustion, and/or flue gas circulation. (See Table
A5-7) NOx at the boiler outlet has been reduced to
150ppm - 300ppm for coal-fired boilers, and 80ppm -
200ppm for fuel oil, 60ppm -~ 100ppm for kercsene,
and 40ppm - 80ppm for gas.

While national NOx emission standards can be cleared
through combustion management, additional NOx.
reduction methods are needed to treat flue gas to
comply with local ordinances and agreements with
local governments.

A5 - 38



Table A5-7 Reduction of NOx by Combustion Improvement

{Unit: NOx ppm)

Fuel Coal Fuel oil |Kerosene Gas
CN(%) 0.7-3. | 0.1-0.5 | 0-0.03 0
09 equivalent (%) 6 4 4 5
[1])]|Standard .
combustion 550-800 400-500 350-450 | 300-400
[2]|Air excess :
combustion 600-900 500-600 400--500 350-450
[3]|Low oxygen - '
combustion . 450-650 300-400 250-350 200-300

[4]

{31 + two-stage
combustion 300-500 200-300 150-25%0 150-200

[511[3] + f£lue gas
' - circulation| 350-550 200-300 150-250 150-200
[6]1j[4] + flue gas
. circulation| 200-400 100-250 100-150 80-120
[71]{6]1 + low NOx -
burner 150-300 80-200 60-100 40- 80
4) Flue gas NOx reduction methods

Oppdsed to the desulfurization process, the removal of
NOx through flue gas treatment is mainly done by the dry
method, while the wet method is not generally used.

The wet type NOx reduction method is not widely accepted
because of the following reasons:

@) NO has low reactivity with the absorbing solution.

b) Although the reactiﬁity can be improved by oxidizing
NO to NO,, the cost of oxidizing agent is high.

c) The solution after absorption contains Noj and NO3,
which is difficult to be disposed.

Alternatively, flue gas with high NO content can be
absorbed by adding NaCl0, to the solution for
oxidization, but the disposal of the effluent presents a
problem.
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The most widely used dry method is the reduction of NOx
to N,. Possible réducing agents include various gases
such as Hyp, CHy, and CO. But they are consumed in large
amounts by reacting with 04 in the flue gas, so that
ammonia which selectively reacts with NOx is mostly
used.

(a) Selective catalytic reduction method

Al present, the selective catalytic reduction method
is most widely used as a mainStream of flue gas NOx
reduction .equipment. In particular, it is used for
most of large boilers. Recently, it is increasingly
used as NOx reduction equipment  for gas turbines,
diesel engines, and solid waste'incinerators.

The method causes NOx to selectively reacts with

ammonia on a catalyst for reduction to N, and H,0.

It offers the following advantages: '

a) The simple process allows the ease of operation
and provides high reliability with a small risk

of equipment failure.

b) There is no need for effluent treatment and
reheating of flue gas.

¢) A high NOx reduction effect can be obtained.
d) No by-product is produced.

e) Simplified operation allows the ease of
coordination with gas sources.

Process Description

The process mainly consists of a NOx reduction unit
to produce de-NOx reaction, a NH; injector to inject
NH3 - a reducing agent - into flue gas, and a NH,
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supply source,

Flue gas from the boiler is mlxed with NH; injected
through a NHg 1nject10n nozzle, and is induced to a
de-NOx reactor through a gas flow regulating plate
and others. Here, NOx in the flue gas selectively
reacts with NH3 on the surface of the catalyst, in.
accordance with the following chemical formulas (1)
and (2), and is reduced to N, and H,0, which are
then sent to subsegquent equipment.

4NO + 4NH3 + 0y SATA > 4N, + 6H,0 ....(1)
NO + NO,+ 2NHy ~SATA 5 oy, 4 3H,0 ... (2)

If the NOx reduction reactor is subject to clogging
because of high dust content in flue gas, a soot
blower may be installed on the upstream of the
reactor.

NH3 for reduction is transported by a tank lorry and
stored in a liquid ammonium tank. When used, it is
vaporized in a NH; vaporizer, passes through an
accummulator, and is diluted by part of air from a
forced draft fan (FDF) for the boiler. Then, it is
injected evenly into flue gas through the NH4
injection nozzle. The amount of NH; injection is
determined by multlplylng the amount of NOx flowing
into the reactor, which is determined on the basis
‘of NOx concentration at the inlet of the NOx
reduction equipment as well as signals representing
the amount of flue gas, such as boiler load signals,
by a specific NH3/NOx mole ratio.

The catalyst which governs performance of the NOx
reduction equipment is of porous type. Flue gas
flows over the surface of the catalyst and enters
pores as a result of diffusion phenomenon to
decompose. NOx. The catalyst is in either a
granular, plate or grid form. Thermal power plants
burning fuel oil, crude 0il, or coal use the plate
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or grid type‘catalyst to prevent clogging by dust.
Some of gas~fired thermal power plants use the
granular catalystQ Most of thé catalyst is made of
titan oxides. The NOx reduction efficiency reaches
more than 80% even for flue gas from coal-fired
plants. '

Figure AS5-8 shows general configuration of the flue
gas NOx reduction equipment using the selective
‘catalytic reduction method.

ammonia injection pipe

Gas distribution screéen WH3 ihjecticn controel apparatus

‘puffer

S E T S o
way NOx ’d
analyser}/’ Catalyst
.

Figure A5-8 Configuration of Flue Gas De-NOx Equipment
(Selective Catalytic Reduction Method)
{b) Selective Non-catalytic reduction method
The selective non~catalytic reduction method reduces

and decomposes NOx in flue gas in the high
temperature gas range and under presence of NH; and
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(c)

09, without using a catalyst. The de-NOx reaction
progresses in the gas temperature range between
800°C and 1,050°C, with the highest rate of NOx
reduction being obtained between 950°C and 1,000°C.
To complete the reaction, detention time of 0.1
seconds or longer, preferably 0.4 seconds or more,
is required.

The chemical formulas are as follows:

4NH3 + 502 ——> 4NO + 6H20
4NH3 + 302 ——— 2N2 + 6H20

- Selective non-catalytic reduction method, while

requiring very high reaction temperature, is
applicable to flue gas containing large amounts of
dust and is less costly to construct. To secure the
high NOx reduction rate, however, the detention time

- in the range between 900°C and 1,000°C must be 0.4

seconds or longer, with mole ratio in the range
between 2 and 3. fThe large mole ratio results in a
large amount of unreacted NH3. In particular,
treating flue gas containing SO0x produces (NH3),SO,4
and NH4HSO,, which may affect a heat exchanger and
other downstream equipment.

The selective non-catalytic reduction method has
been adopted at many plants. The rate of NOx
reduction is said to be generally 40% - 50% since a
mole ratio is established in consideration to leak
NHj. '

In-furnace NOx reduction method

Under this method, a fuel is injected to the upper
part of flame (1,200°C - 1,300°C) in a furnace to
produce reducing environment, where NOx is reduced
through reaction with hydrocarbons. While some NOx
is produced when air is supplied for complete
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combustion, the overall rate of NOx reduction
.reaches around 50%.

The in-furnace NOx reduction'process'consists of two
stages. The first stage is the reduction of NO
through reaction with hydrocarbon, which requires
the followihg three conditions:

a) Atmosphere temperature is more than decomposition
temperature for hydrocarbon (around 900°C).

b} Presence of oxygen

¢) The amount of hydrocarbon to be mixed for
reduction (fuel) exceeds chemical equivalent of
oxXygen in presence.

Under these conditions, NO in flue gas reacts with
oxygen and hydrocarbon to decompose into N,, H,0,
CO, and hydrocarbon radical in the initial reaction
phase, while some remains in flue gas as nitride.

The second stage involves completion combustion of
the unburnt fuel carried over from the first stage,
under the following two conditions:

a) Atmosphere temperature is above reaction
temperature for the unburnt fuel.

b) The sufficient amount of oxygen to completely
burn unburnt matters is supplled gradually with
low concentration,

Under these conditions, the unburnt fuel and nitride
produced in the first stage burn to become CO,, Ny,
and H,0, tcgether with some NO,

In actual operating condition, 90% of total fuel is

introduced through a main burner and 80% of total
combustion air is supplied from an air hole
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immediately above the burner. Then, the fuel
equivalent to remaining 10% for reduction is
injected through a fueling port above the air hole,
and air for combustion of unburnt fuel, remaining
20% of total combustion air, is introduced through
the upper part of the port.

Compared to non-catalytic NOx reduction using
ammonia, in-furnace NOx reduction uses the fuel as
the reducing agent, thus offering better economy
with the similar rate of NOx reduction.

In conclusion, the method may not be applicable to
existing boilers and furnaces because additional
height is required, it provides low-cost NOx
reduction for new boilers.

5) Comparison of NOx Reduction Costs
(a)'Comparison of various methods

The rates of NOx reduction and the costs reguired
for selected methods are compared on the basis of
Japanese plants, as shown in Figure A5-9.
Combustion management is the most economical
approach and can achieve 60% reduction. The in-
furnace NOx reduction method is also less costly,
and in combination with combustion management, the
reduction rate can reach at arcund 80%.

Catalytic NOx reduction is high performance and high
cost, and can be used economically in combination
with combustion management. Non-catalytic ammonia
NOx reduction is less costly than the catalytic
method, but the NOx reduction rate is relatively low
with a large loss of ammonia.
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Figure A5-9 Comparison of NOx Reduction Costs
(NO, 1 ton)

The oil-fired boiler produces 400ppm of Nox

with no reduction measures.

SCR: Selective catalytic reduction method

SNCR: Selective non-catalytic reduction method

CHM: Combustion management
IFR: In-furnace NOx reduction

(b) Selective catalytic reduction method cost

Selective catalytic reduction methed costs at
Japanese plants are estimated as follows.

Large NOx reduction facilities for power plants cost
US$ 62 - 76/kW for coal-fired boilers, USs 33 -
43/kW for oil-~fired boilers. These costs increase
by 10% to 20% when installed to the existing boiler.

NOx reduction costs are estimated in Table A5-8.
The catalyst is all assumed to be of parallel flow
type (honeycomb or plate).

Service life of catalyst is based on actual records
in the case of coal- and oil-fired boilers, 5 Yyears
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and 8 or 10 years respectively. For natural gas-
fired boilers which have few record of replacement,
16 years are assumed. Electricity is mostly
consumed by fans used to compensate for pressure
loss of flue gas due to NOx reduction.

The NOx reduction cost is 0.35 - 0.43 cent for coal-
fired boilers with inlet NOx concentration of 250ppm
- 400ppm, 0.17 - 0.20 cent for oil-fired boilers of
120ppm - 200ppm, and 0.11 cent for natural gas-fired
boilers of 60ppm. :

The cost decreases with the decrease in inlet NOx
concentration, it is desirable to reduce NOx through
combustion management rather than directly
processing flue gas with high NOx content.. (See
Figure A5-9) It should be noted, however, that the
NOx reduction cost per unit decreases with the
increase in NOx concentration.
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