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[57] ABSTRACT

A particle-size distribution analyzer in a vent gas or flue
gas which can be in a gas carrying line of a dust- and/or
mist-producing process is provided. The analyzer com-
prises: a series of particle-size classifying units each
consisting of a gas-ejection nozzle of an opening having
a diameter different from the others and an impaction
plate mounted on a revolvable turret in such a fashion
that the series of the units can communicate with a
suction nozzle in the gas flow line one by one succes-
sively in a decreasing order of the nozzle opening diam-
eter; and a light-scattering particle-concentration de-
tecting system which gives the concentration data after
particle-size classification as a function of the cut-off
size of the particles contained in the gas. In another
embodiment, a heater to evaporate the liquid constitu-
ent in the mist particles and a second concentration-
detecting system are provided downstream of the first
concentration-detecting system so that measurements of
the particle size distribution can be conducted for the
dust particles and mist particles separately.

2 Claims, 2 Drawing Sheets

» 1
.a « . ey 5
°'°’."‘:"-°-/"3 /*ﬂ\ féi_\/'o 5!
Foeere NS NS

5a 5¢
REVOLUTION [21._J
CONTROLLER
14 3
LIGHT ' : \
DETECTOR | SucTION
} L PUMP
1 115 sIGNAL
| T PROCESSOR
i |
]
L--417

CONTROLLER



U.S. Patent Feb. 25, 1992 Sheet 1 of 2 5,090,233

I

” & P . e - 5
o © oe*snfe R . ,O 51
S, . °
— et S o0 2 R —
1 4 . — . .-
R I oI b v AN
— * efe® o0 o 0 PR O S .
e o0 0 »0°%, +9, o] Lo 2, EERE
Oeaw"’ Py . A
o - * " N
— °.- -‘o'.c .0.0‘ : \
- 2O o o M
o e .‘ . a; D N
) 7 Y_45b
1271
*6.:. 1
o0 ly tj
5
5a 9¢

y

REVOLUTION [M -1 _
CONTROLLER

a

- —

14 3
LIGHT

1 \
DETECTORl | SUCTION
|

PUMP

IS I-SIGNAL
PROCESSOR

L--q17

CONTROLLER



U.S. Patent Feb. 25, 1992 Sheet 2 of 2 5,090,233
”) !!9 21)
e P72 | 100000000 pza 2
N P i 0 s 7N o ToY: Sooob,
ot ',‘-°.'o-' . N
X 19a
12~
it
REVOLUTION Hil o
===y {3
CONTROLLER—L il SUCTION
B L PUMP
HEATING /',/ T IEmpe
CONTROLLER | 14 14 NLIGHT
o ™ ~~T—DETECTORS
] 1
| I !
I )
SIGNAL 118} A5
PROCESSORS ‘ !
AR
o ——COMPARATOR
1 |
L tm=dr7

CONTROLLER



5,090,233

1

IN-LINE ANALYZER FOR PARTICLE SIZE
DISTRIBUTION IN FLUE GAS ~

BACKGROUND OF THE INVENTION

The present invention relates to an in-line analyzer
for particle size distribution in a particulate-containing
flue gas or vent gas or, more particularly, to an in-line
analyzer for particle size distribution in a flue gas or
vent gas containing dusty and/or misty particles sepa-
rately for the solid and liquid constituents.

Needless to say, any flue gases from a combustion
furnace and vent gases in the gas-carrying duct from a
powder-processing plant, for example, contain a consid-
erable amount of dust, which may be soot formed by
combustion of fuels or scattered powder. In addition to
the dust particles, i.e. solid particles suspended in the
gas, these gases sometimes contain mist which means
extremely fine liquid particles or droplets suspended in
the gas. Further, various chemical plants utilize a pro-
cess of gas scrubbing with an aqueous alkaline solution
or by spraying of brine resulting in the solid constituent
such as the alkali or salt dissolved in the mist particles of
the vent gas from the process. Such a dust-and/or mist-
containing gas is generally called aerosol.

Various instruments working on several principles
are known for the determination of the concentration
and size distribution of particulates in aerosol. How-
ever, a so-called cascade impactor is the only class of
such instruments by which size distribution of dust
particles in a vent gas can be determined in field work as
is the case in the cascade impactors developed and re-
ported by A. A. Anderson, et al. inJ ournal of Bacteriol-
ogy, volume 76, pages 471-484 (1958), by V. A. Marple,
et al. in Journal of Aerosol Science, volume 7, pages
425-433 (1976) and by M. J. Pilat, et al. in Journal of
Atmospheric Environment, volume 4, pages 671-679
(1970). The essential structure of the instrument of this
type includes several particle-size classifying units in a
cascade arrangement of which each unit consists of a
tapered gas-ejection nozzle and an impaction disc posi-
tioned just below the gas-ejection nozzle to face the
nozzle opening, the opening of a nozzle positioned
higher having a larger diameter than that positioned
lower. When a dust-containing gas is ejected out of the
uppermost nozzle with a specified velocity at the im-
paction disc, the gas flow is deflected by the impaction
disc while the dust particles having a diameter exceed-
ing a certain limit or so-called cut-off size break away
out of the gas flow to impinge at the impaction disc and
are captured thereon due to the inertial force of the
particles in proportion to the square of the particle
diameter and the velocity. The gas flow freed from the
dust particles of the fraction in the coarsest range of
diameters is then ejected out of the second nozzle and
accelerated to have a larger velocity to impinge at the
second impaction disc, and so on. In this manner, each
of the impaction discs captures dust particles contained
in the vent gas feed, the dust particle diameters being
larger on the impaction disc at a higher position than on
a disc at a lower position. Therefore, the particle size
distribution or the amounts of the particles in the re-
spective fractions can be determined by demounting the
impaction discs and accurately weighing each of them
to determine the amount of the dust particles deposited
thereon.

In an actual procedure for the measurement of dust
particles according to the above described principle, an
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instrument containing several units each composed ofa
gas-ejection nozzle and an impaction disc is inserted
into the flue or gas duct and the dust-containing gas is
drawn therethrough at the same velocity as the flow of
the flue gas by suction with a suction nozzle for a length
of time and then the impaction discs having the dust
particles deposited thereon and demounted from the
instrument are brought to a laboratory where each of
the discs is weighed to determine the amount of the
respective fraction of the particles having diameters in a
certain range before final calculation of the particle size
distribution and concentration in the flue gas.

The cascade impactor described above is not an in-
strument suitable for daily or routine work in respect of
the large amount of labor and time taken to obtain the
final results of determination. As is understood from the
principle of the method, in addition, the instrument is
not suitable for the in-line measurement to speedily
follow the variation of the particle size distribution and
concentration of dust particles contained in a flue gas in
the lapse of time. When the gas contains mist particles as
in the exhaust gas at the outlet of a flue-gas desulfuriza-
tion plant, moreover, the mist particles deposited on the
impaction disc form a liquid layer which eventually
overflows out of the disc so that no accurate determina-
tion can be performed with such a conventional cascade
impactor.

SUMMARY OF THE INVENTION

The present invention accordingly has an object to
provide a novel instrument free from the above men-
tioned disadvantages of the prior art instruments for the
determination of the particle size distribution in aerosols
containing not only dust particles but also mist particles
and suitable for daily use as being built in a process line
of gas flow.

Another object of the invention is to provide an in-
strument for the determination of the particle size distri-
bution in aerosol by which the amount of the dust parti-
cles and mist particles can be determined separately.

A further object of the invention is to provide an
instrument for the determination of the particle size
distribution in aerosol containing mist particles by
which, when a solid material is contained dissolved as a
solute in the mist droplets, the particle size distribution
relative to the solid material alone can be determined.

Thus, the in line particle size analyzer of the present
invention for a dust- and/or mist-containing gas com-
prises, in an embodiment:

(a) a gas flow line having a suction nozzle;

(b) a revolvable turret built in the gas flow line
mounting a plurality of particle size classifying units,
each unit consisting of a gas-ejection nozzle and an
impaction plate positioned to face the gas-ejecting
opening of the gas-ejection nozzle keeping a distance,
arranged at equal distances from the axis of the revolv-
able turret in such a fashion that, when the revolvable
turret is revolved, the gas-inlet opening of each of the
gas ejection nozzles is successively communicated with

_the outlet of the suction nozzle of the gas flow line, the

gas-ejection opening of each of the gas-ejection nozzies
having a different diameter from the others; and

(c) a light scattering particle-concentration sensor
unit built downstream of the revolvable turret as the
component (b) in the gas flow line comprising a light
projector to project light to the gas flowing in the gas
flow line and a light detector to detect the light from the
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light projector after being scattered by the particles
contained in the flowing gas.

The in-line particle size analyzer of the present inven-
tion for a dust- and/or mist-containing gas in another
embodiment comprises, in addition to the above de-
scribed components (a), (b) and (c): .

(d) a means for heating the gas flowing in the gas flow
line positioned downstream of the component (c) to
evaporate the liquid constituent in the particles; and

(e) a second light-scattering particle-concentration
sensor unit built downstream of the heating means as the
component (d) in the gas flow line comprising a second
light projector to project light to the gas flowing in the
gas flow line and a second light detector to detect the
light from the second light projector after being scat-
tered by the particles contained in the flowing gas.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 is a schematic cross sectional view of the
inventive particle size analyzer having a single light-
scattering particle-concentration sensor unit.

FIG. 2 is a schematic cross sectional view of the
inventive particle size analyzer having two light-scat-
tering particle concentration sensor units with a heating
means therebetween.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

As is described above, the most characteristic feature
of the inventive particle size analyzer for a dust- and/or
mist-containing gas consists in the combined use of a
series of particle-size classifying units mounted on a
revolvable turret and a light-scattering particle-concen-
tration sensor unit positioned in the gas flow line down-
stream of the particle-size classifying units, although the
structure of a single particle-size classifying unit is
known from the disclosure in, for example, Japanese
Patent Kokai 59-151036 and 60-15542 relative to a cas-
cade impactor and the principle of the light-scattering
particle-concentration sensor unit is known from the
disclosure in, for example, Japanese Patent Kokai
56-76032 and Japanese Patent Publication 59-25968. By
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virtue of this unique feature, the inventive particle size

analyzer can be built in a flow line of a dust- and/or
mist-containing gas and provides a means to continu-
ously monitor and give information on the particle size
distribution in the gas coming out of any dust- and/or
mist-producing process.

In the following, the inventive particle size analyzer
for a dust- and/or mist-containing gas is described in
more detail with reference to the accompanying draw-
ing.

FIG. 1 is a schematic cross sectional view of the
inventive particle size analyzer built in a gas carrying
duct such as a flue. The flowing aerosol (shown by the
arrows at the left end) is introduced into the suction
nozzle (2) in the gas flow line (1) at a constant velocity
from the left-end opening and discharged out of the
right-end opening (1a) by suction with a suction pump
(3) connected at the end of the gas flow line (1) to enter
one of the particle-size classifying units (51, 52, 53, ...,
5,) at the gas-receiving opening, each unit consisting of
a tapered or funnel-like gas-ejection nozzle (54) and an
impaction plate (5b) facing the ejection opening of the
nozzle (5a) keeping a distance as being supported by the
supporting stems (5¢), which nozzle (5) is just in com-
munication with the exit of the suction nozzle (2) by
means of revolving of the revolvable turret (7) mount-
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ing the particle-size classifying units (5; to 5,) at equal
distances from the axis of the turret (7). When the parti-
cle-containing gas is ejected out of the gas-ejection
opening of the nozzle (5a) to the impaction plate (5b),
the gas flow is deflected by the impaction plate (5b)
while the particles contained in the gas flow having
larger diameters than a cutoff size determined by the
diameter of the gas-ejection opening of the nozzle (5a)
are not carried by the deflected gas flow but impinge at
the impaction plate (56) where they are captured to
break away from the gas flow. Therefore, the gas flow
deflected at the impaction plate (56) to go ahead down-
stream contains smaller particles than the cut-off size
only to be determined by the light-scattering particle-
concentration sensor unit (11). A series of such particle-
size classifying units (51 to 5,) are mounted on the re-
volvable turret (7) at equal distances from the revolving
axis of the revolvable turret (7) in such a fashion that,
when the revolvable turret (7) is revolved around the
axis, the plurality of the particle-size classifying units
(51 to 5,) are successively communicated one by one
with the exit end of the suction nozzle (2). The gas-ejec-
tion opening of each of the gas-ejection nozzles (5a) has
a diameter different from those of the other nozzles. It
is convenient, though not limitative, that the particle-
size classifying units (51 to 5,) are mounted and ar-
ranged around the revolving axis of the revolvable
turret (7) in a decreasing or increasing order of the
diameters of the respective gas-ejection openings of the
nozzles (5a) so that the light-scattering particle-concen-
tration sensor unit (11) may produce signals corre-
sponding to the particle concentrations in the flowing
gas after the particle-size classification in the decreasing
order of the cut-off size. Besides a series of the particle-
size classifier units (5; to 5,), the revolvable turret (7)
should have a free-flow passage opening for the gas
without the particle-size classifier unit, through which
the particle-containing gas can be passed and trans-
ferred to the light-scattering particle-concentration
sensor unit (11) without the effect of particle-size classi-
fication.

The gas coming out of one of the particle-size classi-
fier units (51 to 5,,) is then transferred into the concentra-
tion-detecting zone (10) between the light-projecting
and light-receiving windows of the particle-concentra-
tion detecting sensor unit (11) at the terminal of an
optical-fiber cable protected by a protecting tube (12)
and leading to a light source and light detector (14). The
signal generated in the light detector (14) is converted
in the signal processor (15) into the concentration of the
particles in the gas flowing through the concentration-
detecting zone (10) and the data is stored in the memory
of the controller (17) which thereupon generates a sig-
nal to drive the revolution controller (16) so as to re-
volve the revolvable turret (7) by one step bringing the
next-positioned particle-size classifier unit (5) into com-
munication with the exit end of the suction nozzle (2) in
the gas flow line (1).

When the particle-containing gas transferred into the
concentration-detecting zone (10) is after flowing
through the free-flow passage opening in the revolvable
turret (7), the data of concentration Cp stored in the
controller (17) represents the total concentration of the
particles in the flowing gas. Beginning with the free-
flow passage opening, revolution of the revolvable tur-
ret (7) brings the particle-size classifier units (§; to 5,)
successively in a decreasing order of the cut-off sizes d;,
dj, d3, dg, . . ., dy so that the concentration data Cy, Ca,
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Cs, C4, . . ., Cystored in the memory of the controller
(17) represent the concentrations of the particles in the
respective gas flows having smaller particle sizes than
dy, da, d3, dg, - . . dp,, respectively. After completion of
one revolution of the revolvable turret (7) in this man-
ner, the data stored in the memory of the controller (17)
including Cop, Ci, C3, C3, C4, . . . Cpare processed in the
signal processor (15) to be converted into desired infor-
mation, for example, relative to the cumulative particle
size distribution, contents of the particle fractions hav-
ing particle sizes in particular ranges and the like in the
concentration.

FIG. 2 in the accompanying drawing illustrates an-
other embodiment of the inventive particle size analy-
zer by a schematic cross sectional view. In this embodi-
ment, a heating means (19), for example, having an
electric heater is provided downstream of the light
scattering particle-concentration sensor unit (11) in the
embodiment illustrated in FIG. 1 to surround the gas
flow line (1) and a second light-scattering particle-con-
centration sensor unit (21) is provided downstream of
the heating means (19). The principle and constitution
of the second concentration-detecting system including
this second light-scattering particle-concentration sen-
sor unit (21) are substantially the same as in the first
concentration-detecting system described above includ-
ing another set of a light projector and a light detector
to detect the concentration of the particles contained in
the gas flow in the second concentration-detecting zone
(20) which is in direct downstream of the heating means
(19).

When the gas flow coming from the first concentra-
tion detecting zone (10) contains both dust particles, i.e.
solid particles, and mist particles, i.e. liquid particles,
and the heating means (19) is in operation to heat the gas
in the evaporation zone (19a) at a sufficiently high tem-
perature, the mist particles are evaporated there so that
the gas flow entering the second concentration detect-
ing zone (20) contains the dust particles only. The sig-
nals generated in the second light detector (14') by the
dust particles only are processed in the second signal
processor (15") and stored in the controller (17), which
also drives the heating controller (22), through a com-
parator (18). Thus, the data stored in the controller (17)
include the concentration data Co, Ct', C2', . . ., G’
obtained in the second concentration detecting system
by the one revolution of the revolvable turret (7) corre-
sponding to the concentration data Co, C1, C2, ..., Cy
obtained in the first concentration detecting system,
respectively, of which the data set of Coto C,represents
the total concentrations of the dust and mist particles
while the data set of Cy’ to C,,’ represents the concentra-
tions of the dust particles only. Therefore, sets of useful
information of the particle size distribution can be deter-
mined continuously and separately for the dust particles
and mist particles in the gas.

The particle size analyzer having two concentration-
detecting systems as illustrated in FIG. 2 is also useful
when mist particles contain a solid material dissolved in
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the liquid droplets as in a gas coming from a gas scrub-
ber using an aqueous alkaline solution as the scrubbing
liquid or a vent gas coming from a desulfurization plant.
Namely, the first concentration-detecting system serves
for the determination of the particle size distribution of
the mist particles as a whole while the second concen-
tration-detecting system serves for the determination of
the solute concentration in the gas after evaporation of
the liquid constituents in the evaporation zone (19a).
Thus, continuous information can be obtained on the
particle size distribution of the mist particles along with
the solute concentration therein contributing to the
solution of the problems relative to air pollution due to
the solute-containing mist particles carried by a vent
gas.

What is claimed is: : :

1. An in-line particle size analyzer for a gas containing
dust particles, mist particles or a combination thereof
which comprises:

(a) a gas flow line having a suction nozzle;

(b) a revolvable turret built in the flow line of the gas .
mounting a plurality of particle size classifying
units, each unit consisting of a gas-ejection nozzle
and an impaction plate positioned to face the gas-
ejecting opening of the gas-ejection nozzle keeping
a distance, arranged at equal distances from the
revolving axis of the revolvable turret in such a
fashion that, when the revolvable turret is re-
volved, the gas inlet opening of each of the gas-
ejection nozzles is successively communicated
with the outlet of the suction nozzle of the gas flow
line, the gas-ejection opening of each of the gas-
ejection nozzles having a different diameter from
the others; and

(c) a light-scattering particle-concentration sensor
unit downstream of the revolvable turret, in the gas
flow line comprising a light projector to project
light to the gas flowing in the gas flow line and a
light detector to detect the light from the light
projector after being scattered by the particles
contained in the flowing gas.

2. The in-line particle size analyzer for a gas contain-
ing dust particles, mist particles or a combination
thereof as claimed in claim 1 which further comprises:

(d) a means for heating the gas flowing in the gas flow
line positioned in the gas flow line downstream of
the light-scattering particle-concentration sensor
unit to evaporate the liquid constituent in the parti-
cles; and

(e) a second light-scattering particle-concentration
sensor unit built downstream of the heating means
in the gas flow line comprising a second light pro-
jector to project light to the gas flowing in the gas
flow line and a second light detector to detect the
light from the second light projector after being
scattered by the particles contained in the flowing

gas.
¥ % % * %



