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THERMAL ELECTRIC POWER STATIONS

DEVELOPMENT AND INTRODUCTION OF NEW DESIGNS FOR GAS-DUST
FLOW MIXING DISTRIBUTION SYSTEMS AT THERMAL POWER PLANTS
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The successful introduction and setup of new designs for dust separators in Russian and foreign 200 —
800 MW coal-fired power production units is described. Results from mathematical and physical modelling of
these designs, as well as data on their operation in test stands, are presented. Recommendations are given for
the most suitable equipment and configurations of new dust distribution systems in dust preparation systems.
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ies, mechanism for motion of stable dust layers, equipment recommendations.

Operating experience and industrial research show that
the operational efficiency and reliability of furnace systems,
the explosion safety and operational reliability of dust prepa-
ration, the reliability and operating lifetime of heating sur-
faces, and the amount of nitrogen oxide emissions depend on
the degree of uniformity of the distribution of fuel and air
over the burners in a furnace. Failure to meet the required
fuel-air ratio in the burners leads to a deterioration in ignition
stability, reduced fuel burnup, and increased yield of toxic
combustion products [1 — 4]. Elevated concentrations of dust
in the dust ducts can lead to dust deposits in the ducts or even
to blockage of individual lines, which increases the explo-
sion hazard for the system and reduces the productivity of
the dust system [5—7]. Nonuniform heating in different
burners causes greater distortions in the temperature over the
cross section and height and may make the flare stretch into
the upper part of the furnace and cause a rise in the tempera-
ture at the furnace outlet; this sharply reduces the service
lifetime of the heating surfaces and causes slag buildup on
them [1, 3, 8, 9].

During operation of dust preparation systems this
nonuniformity can be extensive (up to 100%) owing to dif-
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ferent fuel dust feed rates at various outlets from the system:
three-way distribution feeds, turns, separators, etc. Even with
a uniform distribution over the outlets for the transport air,
the dust can fall into one or several outlets as it is extruded
toward the channel walls [9]. If the dust system includes dust
ducts with greatly differing lengths and configurations, as is
typical of most coal-fired thermal power plants with high-
power energy production units, an additional nonuniformity
is imposed on the distribution of air over the outlets.

It should be noted that efforts to introduce new technolo-
gies and equipment for fuel burning may not yield the ex-
pected theoretical effect, if the specified distribution of fuel
feed rate over the burners is not ensured. These problems are
especially pressing in connection with the tasks now facing
the national power generation system of enhancing the steam
parameters (which requires the elimination of temperature
distortions at steam superheater surfaces) and meeting mod-
ern ecological standards (through use of stepwise combus-
tion and the strict need to maintain specified air excesses in
burners).

In order to avoid the negative effects owing to nonuni-
form feed of dust over the burners, special equipment —
dust-gas flow distributors (dust separators) — has been intro-
duced around the world. Until recently, insufficient attention
has been devoted to the question of ensuring uniform fuel
feed over the burners in the Russian energy power generation
system. A large number of operating boiler units have not
been equipped with devices for enhancing the uniformity of
fuel feed over the burners or have been equipped with only
the simplest, low-efficiency dust distributors. At the same
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time, in accordance with buyer requirements, boiler systems
intended for export are equipped with Russian made dust
distributors that exceed, in both their size and their engineer-
ing parameters, many of their foreign equivalents. A dust
separator is a measure that costs little, but in many cases it
greatly enhances the operating efficiency of a boiler system.
A rational scheme for dust feed over the burners also is very
important.

Several characteristics of dust preparation systems are
currently used for comparative estimates of the uniformity of
the distribution of gas-dust fuel over dust ducts and burners:

distribution nonuniformity (in percent) [1, 9, 10]

Ag = loo(gi max — &i min)’ (1)

where g, =G, ZG_]- is the absolute dust feed rate in the
j=1
i-th dust duct, G; is the absolute dust feed rate over all the
dust ducts, and 7 is the number of dust ducts;
maximum nonuniformity of the distribution (in percent)
[11,12]

Agmax = 100(g1 max — &i min)/gavgs (2)

n
where g, = ZGjn;
j=1
root mean square deviation in the relative dust feed rate
over the outlets (for a small number n, in percent)

1 &
S :100\/’“Z(gi_gavg)2; (3)
—133

maximum relative deviation in the dust distribution over
the outlets (in percent) [13]

ngax = 100(|g1 - gavg'max)/gavg (4)

Analysis and practical experience indicate that, of these
indices, the degree of nonuniformity in the distribution of the
fuel over the dust ducts, Ag (1), provides the most accurate
characterization. For example, when all the dust falls into
one of the dust ducts, i.e., the case of maximum possible
nonuniformity of the distribution, Ag = 100%, which is con-
sistent with the physical significance of the phenomenon.
At the same time, it is easy to shown that then Ag,,.. = 100n;
so that, 0gn. = 100(n — 1), i.e., always >100%, while o, =
=1001793, i.e., always less than 100%. Based on these data,
we can see that Ag is the best choice for the index character-
izing the nonuniformity of the fuel distribution over the
burners in standards and technical recommendations [1], in
which the allowable level of Ag is taken to be 20% based on
the stability and economy of the fuel process. Experience
shows that even in terms of the equipment operational reli-
ability conditions for the dust system, this level of Ag is ac-
ceptable. However, when the modern specifications for
boiler installations mentioned above are taken into account,
it is necessary to strive for a lower level of Ag, 5 —10%, and
it is obvious that the permissible level of nonuniformity must
decrease as the number of burners supplied with dust by a
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single mill is increased. For a comparative analysis, all the
results of test stand runs and industrial trials reported in this
article are reduced to the index Ag.

Two types of gas-dust flow distributors are currently in
use at thermal power plants: laminar and mixing types. In
laminar dust distributors [1, 14], which are most widely used
in foreign countries and are used at a number of thermal
power plants in Russia, an air mixture from different zones in
the inlet section of the equipment with different concentra-
tions are gathered into each outlet; as a result, there is a bal-
ancing of the dust flows over the outlets. Slit channels are
made in sleeve, sector, and some other types of laminar dust
distributors by placing barriers in the vessel, and each dust
duct is joined by pipes to several channels in different parts
of the cross section with different flow concentrations. In or-
der to deliver dust over the height (with corner multistage
burner siting), laminar dust distributors designed by SibVTI
[1] are used in a number of thermal power plants. These dis-
tributors contain a series of sequentially mounted chambers,
with slit channels formed in them by barriers that are joined
by the outlets through the boxes joining them; parts of the
channels are blocked out on passing to the chamber the next,
higher outlet.

A common deficiency of all laminar distributors is that a
large number of plates are mounted inside the vessel and are
subject to wear, and are large in size and use a lot of metal.
They are essentially uncontrolled and are difficult to repair.
In addition, on working with sufficiently fine dust (Rgg <
<25-30%) in dust systems with centrifugal separators and
extended dust ducts with bends (as happens in most coal-
fired thermal power plants), the efficiency of these dust dis-
tributors is found to decrease. To a great extent, this phenom-
enon follows from the enormous forces leading to sticking
(adhesion) of fine (below 50 — 100 um) dust fractions with a
high specific surface area to the channel walls and to sticking
of the particles to one another (cohesion forces), so they are
slowed down sharply as they move along the walls. As a re-
sult, in the wall region there is an enhanced concentration of
dust and a dust layer consisting of fine particles bound by the
strong adhesion forces develops and moves as a unified
whole. Very detailed studies [10, 15] have shown this by di-
rect measurements: the highest concentration of dust occurs
at a distance of less than 0.05 channel diameters from the
wall (3 — 4 times higher than on axis) and the finest fractions
move within this region. It has been shown [10] that in hori-
zontal segments, this process is stable over a length of 90 —
100 diameters of the dust duct or more, and when bends are
present, it becomes significantly stronger. Formation of lay-
ers of this sort (dust clumps) can lead to a significant reduc-
tion in the uniformity of the dust distribution in laminar dust
distributors when a dust clump enters one or more of the out-
lets along the channel wall or an inner separator plate. Simi-
lar effects can also occur at the outlet of a centrifugal separa-
tor, where the flow is extruded to the walls owing to the cen-
trifugal forces.
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Fig. 1. Layout of the model of a separator-concentrator with a dif-
fuser-nozzle constriction: / — 4, outlets for the highly concentrated
flow; 5, outlet for low-dust flow (waste outlet); 6, vessel; 7, axial
blade swirler; 8, constriction.

In mixing-type dust distributors, which are mainly em-
ployed with moderate and fine grinding of the fuel, unifor-
mity of the air mixture feed is achieved by balancing the con-
centration of the dust though mixing in the cross section
prior to the outlets; this leads to significantly more compact
equipment and better mass and size characteristics for dis-
tributors of this type. The standards and technical recommen-
dations [1] list designs for operationally tested diffuser dis-
tributors with a conical housing, diffuser dust distributors
with a constriction, and dust distributors with a constriction
and a deflecting plate mounted along the axis of the housing.
However, experience has shown that these designs do not
provide a highly uniform distribution when fine dust is used,
while dust distributors with a deflector plate have very high
drag (1500 — 2000 Pa), so that they are not in use anywhere
[14].

Our analysis and studies show that the low efficiency of
these dust distributors is, to a great extent, caused by the fact
that their designs do not take into account the stability of the
dust layer which forms near the wall and, although it enters
the flow after extrusion and constriction away from the wall,
is basically not destroyed within the volume (is not scattered
by the gas even when the latter has a speed of 30 — 40 m/sec),
but shifts to another part of the channel wall. There is only a
slight removal of the constricted layer as a whole (or, possi-
bly, a slight expansion of it). This process shows up ex-
tremely clearly during modelling of a separator-dust concen-
trator (Fig. 1) for a P-57R boiler at the Ekibastuz GRES-2
(state regional electric power plant) on a test stand (Fig. 2)
[11] during operation with fine dust. As opposed to the stan-
dard configuration [12], instead of a single outlet for the high

Fig. 2. Scheme for the experi-
mental test stand: /, fans; 2, 3, 5,
regulator valves; 4, 6, measure-
ment devices; 7, dust extractors;
8, model separator-concentrator;
9, inlet dust duct.

concentration mixture, in this dust concentrator there are four
main outlets for the highly concentrated mixture on the cy-
lindrical housing, mounted above the axial conical pipe for
exhaust of the incompletely milled dust waste. This dust con-
centrator is positioned after a 90° bend in the dust duct. Dur-
ing studies of this design, no measures (changing the angle of
the swirler blades, the flow velocity, inlet position for the
dust, etc.) capable of providing a satisfactory uniformity of
the dust feed through the main outlets (Ag was 40 —50%)
were found because the layer of dust which formed at the
walls fell into one or more of the outlets.

Installing a conical diffuser-nozzle constriction immedi-
ately above the blades (of the swirler) for pushing the flow
away from the walls was essentially ineffective (Fig. 3).
When this constriction was shifted along the axis of the
housing toward the waste outlet, at a certain distance from it
a sharp reduction in the nonuniformity of the feed was ob-
served, followed by an equally sharp rise as the constriction
was moved closer to the outlet duct (Fig. 3a). This variation
suggests that, as it moves into the volume from the nozzle
surface of the constriction, the direction motion of the dust
layer changes insignificantly, while the dust layer is not scat-
tered much by the gas and moves mainly as a whole until it
again strikes the wall. In fact, this variation in the nonuni-
formity of the dust distribution with the angle of inclination
a; of the line joining the inner edge of the constriction to the
center of the inlet cross section of the waste exhaust shows
that the minimum of Ag is attained in the region o; = o,
where a, is the angle of inclination of the generatrix of the
surface of the constriction nozzle (Fig. 3b), i.e., partial scat-
tering and destruction of the dust layer occurs during a colli-
sion with an obstacle placed perpendicular to its flow direc-
tion, i.e., the edges of the wall of the waste duct of the dust
concentrator (taking into account some removal of the layer
by the flow). When the constriction is low (o, < @), the layer
of dust moves mainly under the waste duct to the opposite
side of the housing, while when it is positioned higher (o, >
> a;), the layer strikes the outer surface of the conical exhaust
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Fig. 3. The nonuniformity index for the dust distribution of the sep-
arator-concentrator (Fig. 1) over the outlets as a function («) of the
ratio of the distance between the cross section of the constriction and
the inlet cross section of the waste pipe to the diameter of the con-
striction and (b) of the angle of inclination of the line joining the in-
ner edge of the constriction to the center of the inlet cross section of
the waste outlet.

duct and moves along it into the upper primary outlets. (This
was confirmed by the size distribution of trapped dust.) This
mechanism was also confirmed by industrial studies of dust
distributors in the second stage of the Novosibirsk TETs-4
heat and electric power plant (see below).

These results show that in order to obtain a highly uni-
form distribution of the fuel dust, it is necessary to ensure de-
struction of the dust layer within the volume of the dust dis-
tributor with minimal expenditure of energy. In addition,
given today’s rigorous environmental requirements and the
impossibility of predicting the initial distributions of the con-
centration and of the dust layer at the inlet to an industrial
system, a design for a dust distributor must include the possi-
bility of controlling and optimizing the dust feed distribution
over the outlets during startup and repair work. Based on a
large set of scientific and design engineering studies, includ-
ing mathematical modelling, analysis of model samples, and
industrial development of the designs, dust-gas distributors
which meet these specifications have been developed and in-
troduced by NPO TsKTI together with boiler factories, re-
search and setup organizations (UralVTI, SibKOTES, Sib-
tekhénergo, and others), and repair services for thermal
power plants. At present, essentially all the boiler units of
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large coal-fired power generating units manufactured by
Russian industry since the 1990°s (in Russia and China) in-
clude dust distributors and separator-concentrators employ-
ing this design. In addition, dust distributors of this type,
based on the designs of NPO TsKTI, are expected to be in-
stalled in most of the new coal-fired boiler units in Russia
which are projected or being built.

All the model tests were based on the well established
classical theory of similarity for dust distributor equipment
in dust preparation systems [12, 16]. According to that the-
ory, for geometrically similar installations and relatively fine
dust (Rgg < 50%), a necessary and sufficient condition for
transfer of laboratory data to an industrial scale is that the
model and field setups must satisfy the following conditions:

St = (82 W,p,)/ (WD) = idem;
Fr=w2/(Dg) >8.5; u, = idem, (5)

where St is the Stokes number, Fr is the Froude number,
p, and p are the density of the dust and viscosity of the gas,
W, is the characteristic velocity of the gas, D is the character-
istic dimension of the apparatus, [, is the mass concentration
of dust, and g is the acceleration of gravity.

It should be noted that satisfaction of these limitations
does not, in general, yield an exact quantitative agreement
between the indices for the model and the industrial equip-
ment, but long experience confirms that if the requirements
(5) are met, a qualitative similarity of the processes in the
model and the field equipment does result, and the specified
performance (indices) can be achieved by means of fairly
simple controls under specific conditions.

One of the first designs of the new type (chamber or cen-
trifugal-counterflow [17]) developed under test stand condi-
tions and introduced into industrial use was a dust separator
with four outlets for boilers manufactured by a company
(Z10) for 500 MW power generation units at the Cixian ther-
mal power plant (China). It is shown schematically in Fig. 4.
Based on the assembly conditions, these devices were in-
stalled in dust systems with in-line mills (at Rgq = 20 — 25%)
in the dust ducts after bends. Their design precludes the pos-
sibility of direct impact of the dust layer at the walls of the
dust duct on the outlets because it first enters special hollow
chambers, where conditions are created for destruction of the
layer and the arrival of the different fractions (counter to the
rising particle flow) into different zones of the cross section
of the collector shell with the outlets. This ensures mixing of
the solid phase and balancing of the concentration at a cross
section ahead of the outlets. A splitter and an axial blade
swirler were installed at the inlet to the dust distributor to re-
move the initial dust from the volume into these chambers
and mix it with the remaining dust. The dust feed rate over
the outlets is controlled by special rotatable inserts mounted
in the collector shell, as well as by the angle of inclination of
the swirler blades.

In order to analyze the process and optimize the design,
the motion of the dust particles in the housing of the chamber
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dust distributor was modelled mathematically. The system of
differential equations for the three dimensional motion of the
particles was based on the current standard problem state-
ment and assumptions for low concentration gas-dust flows
in power generation equipment (neglecting the Moebius
forces, apparent mass, interparticle interactions, etc. [10, 12,
15, 16]). The equations of motion were solved using a Run-
ge — Kutta — Merson method on a computer. The velocity
distribution of the gaseous phase was calculated using the
“Fluent” program package, and the effect of the particles on
the stream lines of the gas flow was ignored [15, 16]. The ef-
fect of turbulent fluctuations in the flow was also neglected,
but this only favors the calculations, since turbulence facili-
tates mixing of the particles. Figure 5 shows some computed
trajectories of dust particles of various sizes (diameters 3,
ranging from 15 to 1000 pm) entering the dust separator at
different distances from the walls of its inlet pipe.

An analysis of these results indicates that, for the as-
sumed design of the dust distributor, dust particles, including
the smallest ones, can move from the region of the cross sec-
tion of one of the outlet pipes into the zones of the cross sec-
tion of the other outlet pipes. This provides greater unifor-
mity of the dust distribution. Of course, in any case, the pic-
ture of the particle motions obtained from the mathematical
model is extremely approximate, but it is useful for estimates
and for choosing a design configuration, as subsequent stud-
ies on model samples demonstrated.

The design scheme for the dust distributor was worked
out on a stand similar to the one shown in Fig. 2. The test
stand runs yielded the specified indices for the dust distribu-
tion and the coefficient of aecrodynamic drag of the appara-
tus. Since the mills at the Cixian thermal power plant were
made in China, the dust system equipment was tested by the
Chinese. The dust separators met all the design specifications
and were accepted by the Chinese customer. From 1990
through the present, 16 of these dust separators have been
used successfully at Cixian.

In the next stage of this work, a design for an improved
chamber-type dust separator was created [18]. This dust sep-
arator does not have a blade swirler mounted immediately
after the centrifugal separator, but works with it as a unified
whole. A simpler design of this sort was possible because
there is a residual rotation of the dust-gas mixture at the out-
let of the centrifugal separator (after it has acquired substan-
tial swirl from the separator blades when a sufficiently fine
dust has been obtained [16]). In addition, using the energy of
the rotating flow following the separator reduces the aerody-
namic drag of the dust separator. A splitter is also installed on
the axis to squeeze the flow in the mixing chamber. One of
the first designs of this type was the dust separator at the first
step for the three outlets in TPP-804 boilers manufactured by
the TZK “Krasynyi kotel’shchik” firm (for the 800 MW gen-
eration units at the Suichun thermal power plant in China),
whose configuration is sketched in Fig. 6. These devices
were mounted behind the outlet flange of the separators for
the in-line MV S-260 mills manufactured by the JSC “Tyazh-
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Fig. 4. Sketch of the design of the 5
model dust separator for the Cixi-
an thermal power plant: /, vessel;
2, collector shell; 3, lid; 4, inlet
cross section of the collector shell;
5, inlet pipe; 6, outlet pipes;
7, window in the collector shell; 8,
rotatable insert; 9, bracket; /0, axis
of insert; /1, bushing; 12, lever;
13, axial blade swirler.

mash” firm. Based on the working drawings from NPO
TsKTI, 16 dust separators of this type were built and placed
in commercial use by the Chinese and all the design specifi-
cations were met.

The dust distributor system for the boilers in the power
generating units at the 800 MW Suichun thermal power
plant, where each of the eight mills supplies the fuel dust for
six burners in a single row of the furnace, is arranged in a
two level 3 x 2 configuration. Each of the three outlets for
the dust separators in the first stage (Fig. 6), mounted on the
flanges of the separators of the MVS-260 mills, is connected
with an 830-mm-diam dust duct to the dust separator in the
second level and connected to the burners. The dust separa-
tors in the second level (three per layer) are mounted right at
the walls of the furnace chamber roughly at the level of the
corresponding burner level. This arrangement ensures high
uniformity of the distribution, both with respect to the fuel,
and with respect to the primary air. Newly designed dif-
fuser-nozzle dust separators from the NPO TsKTI were used
as separators in the second level at the two outlets; with their
simple setup these yielded very high uniformity of the dust
distribution (on the test stand, up to Ag=0.5—1%), essen-
tially without affecting the distribution of air over the outlets
or the amount of aerodynamic drag. When it was built,
it yielded similar performance under commercial conditions
(cf. data on the second stage of the dust distributor in
Table 1). These devices have a constriction which directs the
layer of particles away from the channel walls and a regula-
tor system which distributes the flow of dust over the outlets
at the place where it is concentrated in the center of the
vessel. They are quite compact and can be repaired easily.
Figure 7 shows the comparative sizes of these diffuser-noz-
zle dust separators and a standard laminar dust separator
manufactured by the German firm EVT.
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The new designs for the dust separators in the first and
second levels of the Suichun thermal power plant were
worked out on a test stand that fully modelled the industrial
dust preparation system, including an in-line dust mill
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(which produced grist and dust of the required composition),
a first-level dust separator mounted at its separator, dust
ducts with a layout geometrically similar to the design con-
figuration, dust separators for the second level, and dust ex-
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Fig. 5. Calculated trajectories of dust particles of different sizes in a chamber dust separator: (a) 8, = 1000 pm, (b) §, =200 pm, (¢) 3, = 90 pum,
(d) 8, =15 pm; x and z are the horizontal axes and y is the vertical axis; the coordinate origin is at the vessel wall in a vertical plane in the inlet
cross section of the dust separator; the vertical axis of symmetry of the separator corresponds to coordinates z = 0, x = 1 m; the calculated coor-
dinates of the particle positions are indicated with a time interval of 0.004 sec; 7, inlet cross section of the dust separator; 2, collector shell; 3,
upper lid; 4, wall of the cylindrical vessel; 5, chamber between the vessel wall, collector shell, and lid; 6, vertical axis of symmetry of the dust

separator.
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serts, obtained with the final version of the model for the dis-
tributor in the first level, whose configuration was chosen for
commercial use. Figure 10 shows the nonuniformity of the
dust distribution over the outlets of the distributor for the
second level as a function of the location of its regulator

tractors for trapping the dust, mounted at the site of the
burner structures (Fig. 8). The experiments were conducted
subject to the conditions (5) by a method described else-
where [11, 12]. Figure 9 is a plot of the nonuniformity of the
dust distribution in the first level as a function of the position
of the mill separator blades and angle of rotation of the in-

1 6
li
i
/
\ /
5
3 .. —
2 7

Fig. 6. Design of the model dust
separator for the first stage of the
Suichun thermal power plant:
1, pipe for fuel feed to mill; 2,
splitter; 3, vessel; 4, collector shell;
5, rotatable insert; 6, outlet pipes;
7, mill separator.

Fig. 7. Comparative dimensions of the diffuser-nozzle dust sepa-
rator (a) and a laminar separator with two outlets from the EVT
firm (b).

TABLE 1. Results of Test and Adjustment of the Dust Separators for the Boiler in Power Production Unit No. 6 at the Novosibirsk TETs-5

Nonuniformity index for
the dust distribution Ag, %

Nonuniformity index for
the air distribution Av, %

Angle of rotation of

Dust distribution system equipment
Y auip the regulator valves Aa, deg.

Mill A (leftmost)
Dust separator in the first stage to two outlets 5.76 0.95 21.0
Dust separator in the second stage to two outlets (left) 1.70 3.98 13.0
Dust separator in the second stage to two outlets (right) 2.36 4.06 -20.0
Dust distribution system as a whole (to four burners) 2.71 2.48
Mill B (second from left)
Dust separator in the first stage to two outlets 6.45 2.15 322
Dust separator in the second stage to two outlets (left) 3.54 0.25 30.0
Dust separator in the second stage to two outlets (right) 3.93 2.32 -24.0
Dust distribution system as a whole (to four burners) 4.52 4.38
Mill C (center)
Dust separator in the first stage to two outlets 0.29 3.06 8.0
Dust separator in the second stage to two outlets (left) 0.00 10.60 —-10.0
Dust separator in the second stage to two outlets (right) 4.04 12.67 23.0
Dust distribution system as a whole (to four burners) 3.59 10.97
Mill D (second from right)
Dust separator in the first stage to two outlets 8.95 0.19 10.0
Dust separator in the second stage to two outlets (left) 0.33 6.05 25.0
Dust separator in the second stage to two outlets (right) 1.19 3.87 -5.0
Dust distribution system as a whole (to four burners) 2.97 4.33
Mill E (rightmost)
Dust separator in the first stage to two outlets 3.20 4.78 13.0
Dust separator in the second stage to two outlets (left) 4.05 5.16 -7.0
Dust separator in the second stage to two outlets (right) 5.51 11.09 18.0
Dust distribution system as a whole (to four burners) 4.62 6.11

Note. A negative angle corresponds to turning the valve away from the furnace wall.
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Fig. 8. Test stand for working out the design of dust separators,
modelling the industrial dust preparation system (the variant for the
dust system at the Suichun thermal power plant is shown): /, in-line
mill; 2, drive for mill; 3, raw coal feed; 4, raw coal bunker; 5, dust-
free air outlet; 6, dust extractors; 7, dust ducts with configurations
geometrically similar to the project setup; 8, air feed duct to mill;
9, first stage dust separator; /0, second stage dust separators.
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Fig. 9. The nonuniformity index of the dust distribution over the
outlets of the first-stage dust separator of the Suichun thermal power
plant as a function of the angle of inclination of the separator blades:
1, with closed inserts; 2, regulated by the inserts.

structure. At present, 16 chamber dust separators and 48 dif-
fuser-nozzle dust separators are in use at the Suichun thermal
power plant.

A chamber dust separator for four outlets for the boilers
of the 300 MW Inkou (China) thermal power plant was de-
veloped and worked out on a test stand which modelled the
industrial dust system (analogous to the scheme in Fig. 8).
The dust distribution system for this boiler is arranged in a
single layer 1 x 4 scheme: the dust separators are located
right on the flanges of the in-line mills and provide fuel to
the four burners of a single layer of the furnace. In all, six
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Fig. 10. The nonuniformity index of the dust distribution over the
outlets of the second stage dust separator at the Suichun thermal
power plant as a function of the angle of inclination of the regulator
valve.

Fig. 11. A sketch of the modifica-
tions in the model dust separator
for the Inkou I thermal power plant
with short (I), medium (II), and
large (III) conical collector shells:
1, vessel; 2, outlets; 3, cylindrical
part of the collector shell; 4, rotat-
able inserts; 5, splitter; 6, fuel feed
pipe for mill; 7, axes of the inserts;
8, mill separator.

mills and 24 burners are installed in the boiler; they are
mounted in three layers of four each on the front and back
walls of the furnace. Figure 11 shows some of the stages dur-
ing development of the variants for this design: with short,
medium, and long conical shells. In the case of the setup with
a short shell (whose inlet diameter was somewhat greater
than the inlet diameter of the housing), the uniformity of the
distribution for low and moderate bending of the flow is
poorest; this indicates that a large fraction of the dust layer
near the wall falls into it (Fig. 12, curve /). In this variant, a
significant reduction in Ag to 4 — 5% observed only at the
maximum turning angle for the blades of the separator (be-
cause of the large amount of highly compressed dust arriving
in the chamber and at the edge of the shell). When a medium
collector shell is installed, a fairly high uniformity of the dis-
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Fig. 12. The nonuniformity index for the dust distribution over the
outlets of the dust separators (Fig. 11) as a function of the angle of
inclination of the separator blades, a: /, short shell, 2, medium shell,
and 3, large shell.

tribution is attained, which increases smoothly as the bend of
the flow is increased: Ag reaches 2 —4% (Fig. 12, curve 2).
With the large shell (Fig. 12, curve 3), a high uniformity is
observed with a small bend, since in this case the dust layer
adjacent to the walls is destroyed efficiently by the edges of
the shell, as it enters the inner volume of the shell along with
the peripheral streamlines of the flow (however, this configu-
ration has a high aerodynamic drag). In the case of a moder-
ate bend (o, =20 —30°), the nonuniformity of the distribu-
tion increases slightly (to Ag = 5%), apparently because of
the nearby slit in the shell, so that part of the dust layer does
not reach the walls of the vessel and strikes the inner wall of
the shell (a similar result is observed for a, > a;; see Fig. 3)
with a subsequent smooth motion toward its interior volume.
And only when there is a sharp bend in the flow (o > 30°
does a substantial fraction of the dust layer penetrate into the
chamber of the dust distributor along the vessel walls, which
causes an increase in the distribution efficiency (Ag = 2 —
3%). Thus, the most efficient control by the rotatable inserts
occurs when a large shell has been installed.

Figure 13 shows the amount of dust entering the outlets,
g, and the nonuniformity index Ag as functions of the
amount of coverage, ¢,, by the rotatable insert in the second
outlet (into which the largest amount of dust entered for the
initial position of the inserts). When ¢, is increased to 15°,
the amount of dust in this outlet decreases and the amount in
the next (third) outlet in the direction of the twist. The
amount of dust in the other outlets changes little. This makes
it possible to reduce the nonuniformity of the distribution Ag
to 2.5% (here the distribution of air over the outlets is essen-
tially unchanged). Further covering of the valve leads to a
still greater increase in the amount of dust in the third outlet,
but here its feed rate into the other outlets (especially the sec-
ond) is reduced. This leads to a sharp increase in the
nonuniformity of the dust distribution.

Based on the test stand work, a design for the industrial
sample for the Inkou thermal power plant was developed
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Fig. 13. The dust distribution gi over the outlets and the nonuni-
formity index Ag for the dust separators (Fig. 11) as functions of the
angle of rotation @, of the valve at the second outlet (with large shell
installed).

which satisfied all the technical specifications. At present
12 of these devices are successfully in use in China.

The most complete set of industrial tests and setups of
chamber and diffuser-nozzle dust separators with the new
design has been carried out on five dust systems for the
TPE-214 boiler at power production unit No. 6 of the Novo-
sibirsk TETs-5 heat and electric power plant. These boilers
are equipped with five dust systems with MMT2000/2590/
750K hammer mills in which Kuznetsk grade G and D coal
is ground to Rgq =25 —32%. The furnace layout includes a
tangential ignition scheme and is equipped with sets of coal
burners mounted in two layers (three layers each of coal in-
lets of the air mixture in the lower units of the burners and
two, in the upper). The dust distribution system of the boiler
is arranged in a two layer scheme (2 x 2). The chamber dust
separators in the first level at two outlets are mounted right
on the flanges of the mill separators and connected by 630-
mm-diam dust ducts to the diffuser-nozzle dust separators of
the second level, where fuel is feed to the two adjacent coal
burners in one layer. The dust separators in the second layer
are mounted right on the side walls of the furnace chamber
approximately at the level of the corresponding row — in
symmetry with the burner assemblies. This configuration and
the equipment for feeding the air mixture over the dust ducts
are essentially completely analogous to the configuration and
equipment for the dust distribution arrangement at the boiler
for unit No. 5 designed by NPO TsKTI. It should be noted
that the five mills are arranged in a row in front of the boiler,
which means that there is a considerable difference in the
length of the dust ducts for the outermost dust systems (from
55 to 20 m).

After the boiler was brought into use, tests were con-
ducted with the original position for the regulator inserts of
all the dust distributors, which indicated sufficient unifor-
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mity of the dust distribution for the schemes with tangential
burn — Ag in four of the burners was less than 17.5% in each
row (Ag was 2 —20% for 18 of the dust distributors and 30
and 32% only for two of them). However, in order to en-
hance the economy and reliability of the equipment, as well
as to meet the strict environmental standards for a startup
power production unit [19] (furnace with a three-stage fuel
burning scheme), efforts were undertaken by staff from the
firm JSC “SibKOTES,” with setup arranged by the firm JSC
“Inzhenernyi tsentr,” at the Novosibirsk TETs-5 heat and
electric power plant to ensure high uniformity of the dust dis-
tribution over the burners using various possibilities for con-
trolling the feed of dust over the outlets specified in the de-
sign of the dust distributors.

The work on each of the dust systems was carried out in
two stages: to start, the separators in the second level were
adjusted and then, in the first (after which a correction was
specified, which, tests showed was unnecessary). During the
adjustment process, the major operating parameters were
held constant: mill output at 20 — 25 tons/h, feed rate of dry-
ing-transport agent per mill at 55 — 65 m3/h, and the angle of
inclination of the blades of the separator installed for produc-
tion of dust with Rgy =25 — 32% (The optimum value of Ry,
was determined for each row of burners.) After adjustment,
the regulating inserts were fixed in their optimum position,
which was not changed during operation afterward. The re-
sults of the adjustment are listed in Table 1. The nonuniform-
ity index Ag for the dust separators in the second stage was
less than 5.5%, for the first, 8.9%, and for the dust redistribu-
tion system as a whole (for the four burners), 4.6%; that is,
performance significantly better than the standard level was
obtained.

The test results confirmed the validity of the major theo-
retical assumptions used in creating the new designs for dust
separators, primarily taking into account the existence of a
stable layer of fine particle dust near the walls which moves
as a unified whole, even after it has been detached in a con-
striction within the volume of the vessel. For example, in-
spection revealed that no diffuser-nozzle constrictions had
been installed in the dust separators in the second level of
dust system “6B.” As a consequence, rotating the regulator
valve in the separator over its entire range essentially had no
effect on Ag and only after it was installed in an extreme po-
sition (approaching contact with the vessel wall) was it pos-
sible to obtain a significant reduction in the nonuniformity of
the distribution (with a simultaneous large increase in the
aerodynamic drag owing to coverage of a large part of the
vessel cross section). This is evidence of the existence of a
dust layer near the wall which, without a constriction, would
move along the separator wall mainly into one of the outlets,
while placing the edge of the valve right up against this wall
ensured the destruction of this layer and made sure that part
of the dust moved along its surface into another outlet.

The adjustment procedure also showed that maximum
balancing of dust detached in the constriction occurs when
the edge of the regulator valve is located near the theoretical
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center of the layer along the vessel axis, as established by
calculating its trajectory in the volume as a unified whole.
Thus, the layer extruded into the volume is not scattered by
the gas flow, despite its high velocity (over 40 m/sec), the
substantial cross section of the vessel (about 70 um), and the
fine powder composition (The mass fraction of particles
finer than 100 — 120 pm is over 85 — 90%; under these con-
ditions, at distances of less than 50 mm, individual particles
of this size follow the gas streamlines after they enter the
flow.)

Yet another important results should be noted. In accor-
dance with the configuration, the axes of the regulator over-
hanging valves of the vertically mounted dust separators in
the second layer are located in a single vertical plane with the
axes of the extended (up to 20 m) supply horizontal dust
ducts. At the same time, the optimum inclination for the
valves in the different dust separators found during the ad-
justment process varies from +5 to £25° (Table 1). This may
indicate the existence of a tangential component of the veloc-
ity of the dust layer, i.e., that it moves along a helical path. It
is significant that variations in the inclination of the regulator
valves within these limits has little effect on the distribution
of air over the outlets (no more than 10%). Within the operat-
ing range of the regulator valves, the aerodynamic drag coef-
ficient &p is essentially independent of their inclination,
which is the same for all the dust separators, and (within
the outlet cross sections) equals 1.15—1.20 in the dusty
flow (which is close to the value of &, obtained for model
samples).

A new approach to developing chamber-type dust-gas
flow distributors is represented by the in-line separator-dust
concentrator mills (DPK-SM) developed for and introduced
at the P-57R boiler with a two-swirl ignition scheme (dev-
eloped by the JSC “SibKOTES” and ZIO firms [20]) at
the 500 MW power generation unit No. 2 at the Ekibastuz
GRES-2. Six dust systems for direct injection into the P-57R
boiler are equipped with type MPS-2560 in-line mills in
which low grade Ekibastuz coal is milled to Rgy = 15 —20%.
Because of the elevated aeration in these mills and the re-
quirement of a reduced fraction of primary air (in order to
suppress NOx formation) it is planned to install separator-
dust concentrators after their separators; these are meant to
ensure removal of drying-agent particles with a low concen-
tration of dust from the dust-gas mixture and transfer them to
special waste burners. The in-line separator-dust concentra-
tor mills should ensure distribution of the dust-gas mixture
over the five outlets:

— 90 -93% of the fuel dust and 65— 70% of the dry-
ing-transport agent— uniformly over the four main outlets
which supply fuel dust to the main flow-through burners lo-
cated in three rows;

— 30 —35% of the gases and 7 — 10% of the dust in the
waste outlet, which is connected to flow-through burners
located between the main burners at the height of the second
row.
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The dimensions of the in-line separator-dust concentrator
mills were also limited by the very crowded configuration of
the boiler cell in the Ekibastuz GRES-2, and this made the
problem much more complicated. In particular, the outgoing,
inclined segment of the fuel feed pipe / (Fig. 14) from the
coal feed to the mill had to be placed inside the vessel of the
in-line separator-dust concentrator mill in the collector shell
between the two outlets. It should be noted that the presence
of this pipe made it possible to obtain a very interesting re-
sult regarding the mechanism by which the dust-gas moves.
Both the test stand studies and the industrial tests for each of
the in-line separator-dust concentrator mills of the six dust
systems for the boiler in unit No. 2 at the Ekibastuz GRES-2
showed that dust with a significantly finer composition
(Rgg=7—8%) enters the outlet lying immediately behind
this pipe along the direction of twist of the flow than enters
the other three main outlets (Rgg = 16 — 19%). This indicates
that, on contact with the fuel feed pipe, the larger particles
mostly do not remain on its convex cylindrical surface but
are detached and move back into the flow (Fig. 14, curves I),
while the finer fractions move along the flow into the stable
wall layer and then flow out into the outlet pipe (Fig. 14,
curves II). This result is in good agreement with the experi-
mental data on dust separators with different designs de-
scribed above.

The new design was worked out on a test stand that fully
modelled the industrial dust system, including a type MPS
in-line mill (analogous to that in Fig. 8). Given the complex-
ity of this problem, a large set of studies was undertaken to
examine 16 variants of the DPK-SM in-line separator-dust
concentrator mill. Figure 14 shows the layout of the model,
which yielded performance in full compliance with the spec-
ifications and was taken as a design prototype for the indus-
trial sample. In this variant, a truncated cone whose large
base overlaps the slit in the waste pipe and prevents direct
arrival of dust from the inlet pipe into the waste pipe, was in-
stalled coaxially to the waste outlet. Another important mod-
ification is regulator inserts made so that they can be rotated
about vertical axes (and not horizontal, as in the previous de-
signs), which makes possible a much more efficient interac-
tion with the dust layer near the wall, which has a substantial
tangential velocity component owing to the large angle of in-
clination of the separator blades (the separator is set to re-
ceive fine dust with Ry = 12 — 18%)).

In accordance with the engineering design from NPO
TsKTI, the commercial in-line separator-dust concentrator
mills were fabricated by ZIO and installed on six MPS-2650
mills at boiler No.2 of the Ekibastuz GRES-2. After the
boiler was brought into operation, staff from Sibtekhénergo,
SibKOTES, and UralVTI carried out setup tests of the dust
system, including the dust distribution systems and equip-
ment. The in-line separator-dust concentrator mills were
tested both as separator-dust concentrators and as dust sepa-
rators with the waste outlet blocked. In this case, for the ini-
tial position of the inserts (i.e., without adjustment), the
nonuniformity Ag of the dust distribution for the front mills

Fig. 14. Model of the separator-dust concentrator with in-line mills
(DPK-SM) at power production unit No.2 at the Ekibastuz
GRES-2: 1, section of the fuel feed pipe to the mill located inside the
separator; 2, splitter; 3, vessel; 4, collector shell; 5, rotatable insert;
6, outlets for the high concentration flow; 7, levers for the inserts;
8, shielding cone; 9, outlet for low-dust flow (waste outlet); I, trajec-
tories of large particles; II, trajectories of fine particles.

(Nos. 2A and 2D) was about 6.8%, and for the back and mid-
dle mills (2C, 2F, 2B, and 2E), less than 5.5%. Regulating
one of the inserts makes it possible to achieve Ag ~4.2%. It
is important to note that the nonuniformity of the dust distri-
bution obtained here occurs for a wide range of variation in
the mill yields (30 — 70 tons/h). When the in-line separa-
tor-dust concentrator mills operate with a waste dust duct,
the required performance regarding the dust and air feed
rates are attained with an approximately 50% opening of the
regulator blades of the outlets located after the fuel feed pipe
in the mill (then Ag ~ 5.0 — 8.5%).

After the successful trial runs with the in-line separator-
dust concentrator mills at boiler No. 2 in all the dust systems
of the first power generating unit at the Ekibastuz GRES-2,
all the existing low efficiency dust separators of the old de-
sign were removed and chamber (centrifugal-counterflow)
dust separators were installed.

CONCLUSIONS

1. Based on a set of scientific and technical work, in-
cluding working out of models on dust system test stands and
industrial studies undertaken at coal-fired 800, 500, 300, and
200 MW power generation units, new designs for regulated
mixing dust-gas flow distributors — chamber (centrifugal-
counterflow)and diffuser-nozzle dust separators — which
offer high performance with respect to the uniformity of
the fuel dust distribution over the burners, Ag <5 — 10%,
for moderate and fine grinds (Rgy <35%). By adjustment
during startup and adjustment, Ag can be reduced to 2 — 3%
if necessary.
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2. Chambered dust distributors are best installed directly
after the centrifugal separators of hammer and in-line mills
(as was done at the Novosibirsk TETs-5 heat and electric
power plant, the Ekibastuz GRES-2 state regional electric
power plant, and the Suichun and Inkou thermal power
plants). In this case, a blade swirler is not required at the inlet
of the dust distributor because the dust-gas mixture after the
separator has a residual rotation after it has been brought to
rotation by the blade apparatus (in the case of a sufficiently
fine dust). Using the energy of the rotating flow after the sep-
arator reduces the acrodynamic drag of the dust separator
and enhances its efficiency.

3. Diffuser-nozzle regulated dust separators on two-
three outlets provide (by simple adjustment at the start) ex-
tremely high uniformity of the dust distribution (up to Ag =
= 0.5 — 1%) without having a significant effect on the distri-
bution of air over the outlets and on the amount of aerody-
namic drag. They are best installed as a second stage imme-
diately at the walls of the furnace chamber roughly at the
level of the corresponding row of burners (the scheme em-
ployed at the Suichun thermal power plant and the Novosi-
birsk TETs-5). This configuration ensures high uniformity,
both with respect to the fuel and to the primary air, as well as
savings of capital and operating costs by reducing the num-
ber of dust ducts from each mill.

4. Tests of chamber (centrifugal-counterflow) separator-
concentrators of the in-line mills at unit No. 2 of the Ekibas-
tuz GRES-2 showed that they supply fuel dust efficiently
with a specified different concentration into the different
burner structures while simultaneously providing the re-
quired level of uniformity of dust feed over the main burners
(including for an extremely fine grind with Rgy = 12 — 20%).
This is especially important for meeting strict modern envi-
ronmental standards (including arrangements for two- and
three-step combustion of the fuel), as well as for installations
with above- and super-critical steam parameters (which do
not permit even slight temperature distortions in the furnace).

5. The mechanism whereby fine dust moves in the form
of a stable layer was confirmed experimentally, under both
test stand and industrial conditions, in the region near the
walls of the equipment, as well as after the flow had been ex-
truded into the flow volume at a constriction, when the dust
layer changes its direction of motion only slightly, is not
scattered significantly by the gas (for flow velocities of up to
40 m/sec), and moves mainly as a unified whole until it
strikes the wall again. In standard designs, failure to take this
phenomenon into account may lead to the arrival of a sub-
stantial amount of dust at one or more of the outlets, which
reduces the operating efficiency for fine dust. In the new de-
signs for dust separators of the mixing type, the dust layer is
destroyed in the volume and the concentration is balanced
ahead of the outlets, so that the fuel distribution across the
dust ducts is more uniform.

V. Z. Leikin et al.

REFERENCES

10.

I1.

12.

13.

14.

15.

17.

18.

19.

20.

. Procedures for Design of Furnace Systems in Steam Boilers [in

Russian], Izd. NPO TsKTI - VTIL St. Petersburg — Moscow (1996).

. Thermal Calculation of Boiler Assemblies (Standard method)

[in Russian], Izd. NPO TsKTI — VTI, St. Petersburg — Moscow
(1998).

. S. L. Shagalova and I. N. Shnitser, Combustion of Solid Fuel in

Steam Generators [in Russian], Energiya, Leningrad (1976).

. S. L. Shagalova and I. N. Shnitser, “Effect of nonuniformities in

the distribution of dust and air on the amount of mechanical
underburning during combustion of anthracite fines,” Energo-
mashinostroenie, No. 1 (1964).

. Instructions for Explosion Safety of Fuel Supply and Equipment

for Preparing and Burning Dust Fuels [in Russian], Izd. TsPTI
ORGRES, Moscow (2004).

. L. I. Pugach, A. N. Kazanskii, and V. V. Lisitsyn, Reasons for

Explosions and Ignition of Fuel Dust in Dust Ducts and Protec-
tive Recommendations [in Russian], Energiya, Moscow (1975).

. Standard Materials for Calculation and Design of Dust Pre-

paration Units in Boiler Assemblies [in Russian], 1zd. NPO
TsKTI - VTI, Leningrad (1971).

. A. N. Alekhnovich, Slagging in Power Production Boilers [in

Russian], Izd. ChF PEIPK, Chelyabinsk (2006).

. V. Z. Leikin and N. S. Klepikov, “Introduction of techniques and

equipment for preparation and ignition of solid fuel which en-
sure an extended lifetime for the heating surfaces of furnace
units in boiler systems,” in: Talks at the Seminar “Extending the
Lifetime of Thermal and Mechanical Equipment by Operational
and Technological Methods” [in Russian], Izd. PEIPK, St. Pe-
tersburg (2006).

V. N. Shevchenko, Experimental Study of Dust Feed Rate Me-
ters with Constricting Devices for Systems for Stabilizing Coal
Dust Feed. Candidate’s Abstract of Candidate’s Thesis [in Rus-
sian], Kiev (1980).

V. D. Lebedev, V. E. Maslov, F. V. Klyunin, V. B. Galuskin, and
V. Z. Leikin, “Development and study of a design for a dust
separator-concentrator for a 500 MW unit at the Ekibastuz
GRES-2,” Teploénergetika, No. 2 (1985).

V. E. Maslov, Dust Concentrators in Furnace Technology [in
Russian], Energiya, Moscow (1974).

G. V. Baldin, V. V. Izosimov, V. P. Maslikov, and G. V. Polyakov,
“Study of the distribution of dust in a dust duct and a compari-
son of two methods for dust collection,” Teploénergetika, No. 2
(1974).

G. T. Levit, Dust Preparation in Thermal Power Plants [in Rus-
sian], Energoatomizdat, Moscow (1990).

R. Boothroyd, Gas Flows with Suspended Particles, Mir, Mos-
cow (1975) [Russian translation].

. S. G. Ushakov and N. 1. Zverev, Inertial Dust Separation [in

Russian], Energiya, Moscow (1974).

RF Inventor’s certificate No. 1716264, V. Z. Leikin, V. E. Mas-
lov, P. M. Luzin, et al., “Dust-gas flow distributor,” Byull. Izo-
bret., No. 8 (1992).

RF Inventor’s certificate No. 1708445, V. Z. Leikin, V. E. Mas-
lov, P. M. Luzin, et al., “Centrifugal separator,” Byull. Izobret.,
No. 8 (1992).

State Standard GOST R 50831-95. Boiler Installations. Ther-
mal and Mechanical Equipment [in Russian].

V. V. Gordeev, 1. A. Sotnikov, A. A. Smyshlyaev, F. A. Serant,
et al., “Test of the ignition of Ekibastuz coals in boilers at the
power production units of the 500 MW Ekibastuz GRES,” Tep-
loénergetika, No. 9 (1999).



