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One of the key requirements related to successful utilization of plasma technology
as an oil-free backup system for coal ignition and combustion stabilization in
power plant boilers is provision of properly regulated pulverized coal distribution
to the feed ducts leading the fuel mixture to a burner. Proper regulation of coal dis-
tribution is deemed essential for achieving an adequate pulverized coal concentra-
tion in the zone where thermal plasma is being introduced. The said can be effi-
ciently achieved by installation of stationary louver in the coal-air mixing duct
ahead of the feed ducts of a burner. The paper addresses numerical simulation of a
two-phase flow of air-pulverized coal mixture in the mixing ducts, analysing the ef-
fects of particle size distribution on pulverized coal distribution to the burner feed
ducts. Numerical simulation was performed using the FLUENT 6.3 commercial
code and related poly-dispersed flow module, based on the PSI-CELL approach.
Numerical experiments have been performed assuming a mono-dispersed solid
phase with particle diameter ranging from 45 um to 1200 um. Distance between the
louver blades and the resulting effect on the flow profile was analysed as well. Re-
sults obtained indicate that the size of coal particles considerably influence the
overall solid phase distribution. While fine particles, with diameters at the lower
end of the above specified range, almost fully follow the streamlines of the continu-
ous phase, coarser particles, which hit the louver blades, deflect towards the ther-
mal plasma zone. In this manner, a desired phase concentration in the considered
zone can be reached. For the said reason, installation of stationary louver have
been deemed a very efficient way to induce phase separation, primarily due to more
pronounced impact of the installed louver on discrete phase flow then the impact on
the flow of the continuous phase.

Key words: two-phase flow, pulverized coal, turbulent flow, louver,
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Introduction

Instead of traditional systems where oil is being used as a backup fuel to support the
coal ignition and combustion, in the Unit A of the thermal power plant (TPP) Nikola Tesla, low
temperature plasma generators have been installed in the burner feed duct of mills no. 2 and 5 of
the boiler no. 1. The main advantage provided by the said assembly is the use of pulverized coal
instead of imported oil. In order for the specified system to provide required combustion support
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and operate properly it is necessary to achieve appropriate mass concentration of pulverised coal
in the coal-air mixture flowing through the burner feed ducts. The required coal concentration
equals 0.23. The specified coal-air mixture, after being formed in the mills, is distributed to eight
feed ducts supplying the burner with the fuel, four of them equipped with electric arc plasma
generators. Each plasma generator has an output of approximately 100 kW and is able to locally
heat up the air up to 5000 K.

In a case when flow regulation is not provided, the stream of pulverized coal is evenly
distributed to each burner feed duct, resulting in coal concentration in the mixture which is
lower than the above mentioned critical value. It is therefore deemed necessary to introduce a
device for pulverized coal redistribution, to be positioned in front of the inlets of the burner feed
ducts. The said device would increase coal concentration in the feed ducts equipped with plasma
generators. Classifier-type devices for pulverized coal redistribution have already been used but
have not been able to provide desired level of phase separation. The paper analyses possible so-
lution to the above mentioned problem provided through installation of additional pulverized
coal redistribution system based on the system of stationary louvers. The specified solution was
proposed due to the good results achieved by installation of similar systems in many power
plants in Europe. The basic advantages of stationary louvers utilisation for pulverized coal re-
distribution are: (1) relatively low additional pressure drop of about 100 Pa and consequently
small impact on the proper mill operation and (2) easy control of pulverized coal distribution re-
sulting from the fact that some louvers may be designed as non-stationary, i. e. with an adjust-
able inclination angle.

The main objective of the research presented in the paper was to examine the effi-
ciency of louver utilization as an instrument for redistribution of pulverized coal to the burner
feed ducts. Parameters determining the flow pattern of coal-air mixture are the following: length
and inclination angle of louver blades, spacing between the blades, and the angle of stationary
louvers in the feed duct. In order to achieve optimal results with the addition of the louver sys-
tem it was necessary to perform detail analysis of the effects imposed by certain parameters, i. e.
to determine flow profile of the coal-air mixture and the coal and air flow distribution to the
burner feed duct. Numerical flow model and corresponding computer simulation represent an
optimal tool for accomplishing the specified tasks. Numerical modelling and computer simula-
tion enable easy variation of the most important flow parameters and analysis of resulting ef-
fects, leading to the final conclusion on the optimal values of specific parameters. For this rea-
son, for many years numerical simulation of two-phase dispersed flow has been considered to be
the most appropriate tool for the specified purpose. Experimental verification of numerical com-
putation is usually performed only for a few characteristic cases. If computational results show
good agreement with data obtained from the related measurements, the numerical model is
deemed verified. Besides, the considered approach significantly reduces associated research
costs. In accordance with the above said, a thorough numerical analysis have been performed,
analysing the impact of louvers installation on the flow pattern of the considered mixture, as
well as the impact of a distance between the louver blades on the flow distribution to the burner
feed ducts. Such analysis is specially important for the mills installed in TPP Nikola Tesla since
geometry of the mills, as well as their operating parameters, vary significantly from one mill to
another. The said means that a solution determined to be efficient in the case of one particular
mill can not be automatically implemented to the others, i. e. not without a preliminary analysis
of the resulting effects. Otherwise, besides not being able to provide results desired, louver in-
stallation may even cause a complete malfunction of the mill, induced by the large pressure drop
through the louvers. Analysis of the effects imposed by all relevant parameters of louver geome-
try on flow characteristics has not been displayed in the paper, but was presented in a technical
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report [1, 9, 10]. Data presented in the Technical report have shown that the said parameters
could be crucial in establishing a particular flow profile and provision of required phase separa-
tion. Thus, the paper only presents a portion of comprehensive numerical research carried out
for the purpose of considering the effects of louvers installation on distribution of pulverized
coal to the burner feed ducts. The paper addresses the effects of particle size distribution and the
number of louver blades, which are deemed the most important parameters determining the dis-
crete-phase flow pattern.

Two-phase (pulverized coal - air mixture) flow modelling

There is no doubt that development of original models and respective numerical codes
represent the best way to obtain appropriate numerical solution for a particular engineering
problem. The said approach is deemed to be the most reliable and the most accurate. Many ex-
amples of such two-phase models can be found in the literature. However, the said approach is
rather expensive and the entire process is long-lasting. On the other hand, commercial computa-
tional fluid dynamics (CFD) codes have recently achieved such a high level of efficiency and ac-
curacy that their use in the research activities worldwide has demonstrated that the ones can be
successfully used for simulation of high-complexity flows. Such flows, for example, develop in
the duct behind the mill which is equipped with the system of stationary louvers. It is of course
necessary for the user of such code to be provided with a possibility to “intervene” in the code, i.
e. to adjust a general model to the particular problem in question. In the commercial software
FLUENT, version 6.18, this could be easily achieved using the “user-defined functions”. The
software also contains an integrated modulus for computation of poly-dispersed mixture flows.
For the said reasons the specified software has been selected to be used for flow simulation in
the research presented.

A physical model developed in this modulus incorporates all main features of models
described in the reference documents [2-5]. The model is based on Lagrangian approach of par-
ticle tracking, with phase coupling handled by the PSI-CELL model and stochastic particle mo-
tion model which has taken into account all relevant forces (drag force, lift force, Magnus force
etc.). Coal particles were assumed to be spherical. Effects of turbulence on particle dispersion
were predicted using the model of turbulent eddies in the continuous phase. Described numeri-
cal modelling resulted in defined coal particle trajectories, with specified particle position and
velocity at every instant. The following represents the basic equation of particle motion:

du g - _
_P_ |ﬁ_ﬁ |+g(pp—p)+F (1)
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where F, |ﬁ -u p| represents a drag force, with:
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u
Drag coefficient, Cp,, was calculated using the following expression:
Cp=a, +22 4+ 93 “4)
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where coefficients a,, a,, and a; are a function of the Re and were taken from the observations of
Morsi et al. [6]. .

Equation (1) incorporates an additional force F' that in some cases may be deemed im-
portant. The specified equation term includes Saffman lift force, additional mass force, and ad-
ditional force due to the pressure gradient in the fluid.

The Saffman lift force equation was obtained from the work of Li et a/. [7] and repre-
sents a generalisation of the expression provided by Saffman:

2Kv®3pd
P pd P (dyd )%
where K =2.59 and d; is a deformation tensor.

ij
Additional mass force is obtained from the following relation:

ﬁ:lﬁi(ﬁ_ﬁp) (6)
2p,ds
Additional lift force due to the pressure gradient in the fluid is obtained from the fol-
lowing equation:

ﬁ':
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The trajectory equations are solved by stepwise integration of the eq. (1) over discrete
time steps, which yield the particle velocity in every point along the trajectory. Integration of the
eq. (1) denotes the integration of three scalar equations (one for each direction). Assuming that
the term in the equation containing the body forces remains constant over each time interval
(this assumption is justified by the fact that these additional forces are of much lower intensity
than the drag force or the influence of turbulent fluctuation of the continuous phase velocity) the
following discretised equation is obtained:

L @-g, ®)
a z, P

where 7, is particle relaxation time. Equation (8) was solved using a trapezoidal numerical

scheme.

Turbulent particle dispersion was modelled using a stochastic tracking approach.
Based on the specified approach, turbulent particles dispersion is predicted by integrating the
trajectory equation of individual particles, whereby using the instantaneous fluid velocity u# + v’
along the particle path.

Task formulation

Geometry of the flow domain is shown in fig. 1a. Close to the side walls two plates
have been introduced, aimed to prevent the particle agglomeration near the walls. Plasma gener-
ators were placed in four burner feed ducts on the right-hand side of the domain depicted, also
equipped with blades for duct closing or opening. During the entire computational period the
blades were held in a half-open position, as indicated in the figure. Louvers were positioned in
front of the four left-hand ducts not containing plasma generators (in accordance with the basic
idea to decrease coal concentration in plasma-free ducts and in the same time increase the con-
centration in feed ducts equipped with plasma generators), across the entire width of the duct.
The louver blades were 120 mm long and 10 mm thick. The inclination angle toward the hori-
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zontal plane was 20°. The paper presents results obtained with louvers comprising 5 and 6
blades. Since the duct width is constant and equals approximately 1.5 m, a 2-D flow domain cal-
culation has been performed. A part of the numerical grid obtained is shown in fig. 1b. As seen
in the figure, the grid close to the louver blades is finer than the grid in the straight duct. Utiliza-
tion of finer grid was necessary due to the intensive turbulent effects in the considered region. It
is also noticeable that transition from finer to the coarser grid was made gradually. The total
number of control volumes equalled 38000.
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Parcels (computational particles representing a large number of real particles of the
same characteristics) entered the flow domain through the entire duct width, starting from 120
starting points uniformly distributed across the entrance section. Time step between two succes-
sive insertions was 5- 10~ s, with the time period of each insertion of 2s (in fact, 4s in accordance
with a comment provided below). In this manner, discrete phase velocity and concentration
fields were determined based on statistical data processing of information obtained from
480000 parcels. The specified number of parcels included in the statistical analysis was deemed
high enough to ensure representative statistical results. In fact, during the numerical simulation
performed much higher number of parcels has been monitored, but the data obtained from the
additional parcels had not been statistically processed. The said was mainly due to the require-
ment related to the steady-state conditions that needed to be reached in both phases, meaning
that data recording started only after the parcels had filled the entire flow domain. With such
large number of processed parcels and steady-state conditions reached in both phases, it was
possible to use a non-stationary (Lagrangian) discrete phase model for steady-state simulation.
In order to obtain desired statistical data, a special user-defined function (subroutines in the
original code which provides the user with a possibility to intervene in the code) was defined.

Initial conditions for the computation performed were obtained from the measurement
of' mass flow rates of both coal-air mixture and pulverized coal, as well as the mixture tempera-
ture. The specified measurements were conducted in 2007 on the mill no. 5 installed in the Unit
B1 of the TPP Nikola Tesla. The said measurements represented only a portion of the overall
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Figure 3. Flow pattern in the vicinity of the louver blades as indicated by velocity vectors
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measurements carried out by Vinca Institute of Nuclear Sciences (Laboratory for Thermal Engi-
neering and Energy) with an aim to examine the operation of five mills and a boiler installed in
the Unit B1 of TPP Nikola Tesla. The main goal of the measurements was to get an insight into
the power plant operation following the refurbishment of the unit, in order to optimise the plant
performance. Measurements included an estimation of mill capacities, fineness of pulveriza-
tion, coal moisture, pressure drop, flow rate of pulverised coal distributed to each burner, O,
concentration in recirculation duct, etc.

It was assumed that the coal-air mixture was characterised by a uniform velocity of
24.8 m/s at the inlet of the flow domain and that the temperature of the mixture equalled 180 °C.
Based on the particle size analysis, six characteristic coal particle sizes (45 um, 80 um, 150 pm,
400 pm, 700 pum, 1.200 um diameters) were selected. Associated particle size distribution in the
poly-dispersed mixture of pulverized coal is shown in fig. 2a.

Results of the numerical simulation

A characteristic flow velocity of the continuous phase (for the case with six louver
blades installed) is shown in fig. 2b. In order to provide a closer insight into the considered flow
pattern a few characteristic streamlines were also presented. Flow pattern in the continuous phase
developed close to the louver blades, as indicated by velocity vectors, is presented in fig. 3.

Figures 4 and 5 show a parcel distribution in the flow domain at one instant of time un-
der steady-state conditions for each of the six the above mentioned particle sizes and for five and
six louver blades installed, respectively.

(@) (o) )

Figure 4. Steady-state particle distribution in the flow domain at one instant of time for 5 louver blades
installed: (a) d =45 pm; (b) d =80 um; (¢) d =150 pm; (d) d =400 pm; (e) d =700 pm; (f) d=1200 pm



86 Zivkovié, G., et al.: Numerical Simulation of the Influence of Stationary Louver ..

{d) (e) (f)

Figure 5. Steady-state particle distribution in the flow domain at one instant of time for 6 louver blades
installed: (a) d =45 pm; (b) d =80 um; (c) d =150 um; (d) d =400 um; (e) d =700 um; (f) d =1200 pm

In order to analyse the effects of particle size distribution on the concentration profile of
pulverized coal, it was necessary to introduce a mono-dispersed flow of pulverized coal at the inlet
of flow domain. In order to obtain flow distribution of poly-dispersed mixture to the burner feed
ducts it was necessary to calculate the mass flow rate of particular fraction in burner ducts based on
the related mass rate in the poly-dispersed mixture (fig. 2). The specified computation method is
by all means the most accurate. In such approach, however, each fraction needs to be computed
separately, therefore making the computation very time-consuming. The computation time may
be reduced by analysing the flow of poly-dispersed mixture in the flow domain developed. The
size of each particle can be generated stochastically, based on the particle size distribution pre-
sented in fig. 2. Thus, instead of computing every fraction separately, only one computation needs
to be performed. The method based on a poly-dispersed flow computation is less accurate since
the overall number of track particles in this situation is representative of not one, as in the case of
mono-dispersed flow, but of all fractions considered. Still, if differences between the results of
such computation and the results obtained by computing each fraction separately are found to be
relatively small, the use of less time-consuming method would be appropriate. Comparison of the
results obtained utilizing the two approaches considered is presented in fig. 6.

Analysis of the results obtained

In order to reach the main research objective, i. e. to increase the concentration of pul-
verized coal in the thermal plasma zones, it is necessary for the installed louver to induce appro-
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Figure 6. Normalized steady state distribution of total coal flow to the burner feed ducts (from the left side
to the right) for 5 and 6 louver blades installed: (a) d=45pm; (b) d=80 um; (¢) d=150 um; (d) d=400 um;
(e) d=700 um; (f) d = 1200 pm

priate phase separation. The said means that air must be allowed to pass between the louver
blades. Numerical simulation with various louver types has shown that the key factor for effi-
cient phase separation is a distance between two adjacent louver blades. If two adjacent blades
are positioned too close to one another, the recirculation zone behind the blades could be large
enough to completely prevent the flow. Analysis of the gas flow pattern shown in figs. 2b and 3
indicates that recirculation zones established were not wider than the louver blades. Therefore it
is concluded that louver comprising not more than 6 blades does not prevent the air to flow into
the plasma-free burner ducts, in that way enabling the required phase separation.

Qualitative analysis of the results presented in figs. 4 and 5 and quantitative analysis of
those presented in fig. 7, where normalised steady-state distribution of pulverized coal to the
burner ducts are shown for each of the six particle sizes selected, provided an insight into the re-
lation between the coal concentration profile and the coal particle size. Figures 4 and 5 clearly
indicate significant differences in distribution of coal particles of different sizes. The finest par-
ticles with the lowest inertia follow the streamlines of the continuous phase pretty accurately, di-
agonally passing between the louver blades. The said blades do not affect the particle motion.
With an increase in the particle diameter the inertia of the particles increases and so does the hor-
izontal distance the particle can travel after hitting the louver blade. In that way, particles are
able to reach the burner ducts equipped with plasma generators more easily. In this manner the
presence of louver increases the coal concentration in the considered ducts. The impact of the
continuous phase on the largest particles is very small, so the particles either pass vertically be-
tween the louver blades or hit them and move horizontally, having enough inertia to reach the
right side wall. The said behaviour is manifested by particle agglomeration behind the right side
plate and considerable increase in the mass flow rate of pulverised coal in the ducts equipped
with plasma generators. As seen in fig. 6, increased coal concentration in burner ducts equipped
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Figure 7. Normalized steady-state distribution of total coal flow to the burner feed ducts for: (a) 5 louver
blades installed; (b) 6 louver blades installed

with plasma reactors is recorded for coal particles having a diameter of 150 wm and higher. Still,
it is interesting to note that increase in particle diameter initially causes a drop in coal concentra-
tion in the last duct (closest to the right side wall), whereby the said parameter starts to increase
only after the particle diameter reaches 700 um. The explanation for such behaviour is found in a
tendency of mid-size coal particles not to closely follow the gas streamlines, whereby the parti-
cles which hit the plate positioned to the right reflect toward the central part of the flow domain.
At the same time, inertia of the mid-size particles hitting the louver blades is still not enough to
enable them to pass across the entire width of the flow domain and reach the region to the right.

The discrete phase flow patterns shown in figs. 4 and 5 are quite similar. Differences in
coal distribution in the two cases considered are relatively small (fig. 6). Coarser particles are
more affected by an increase in the number of louver blades when compared to the fine particles.
Mass flow rate in ducts equipped with plasma generators tends to increase with an increase in
the number of blades.

Comparison of the results of coal distribution to the burner ducts obtained for simu-
lated flow of poly-dispersed mixture in the flow domain vs. the simulated flow of mono-dis-
persed mixtures, fig. 7, indicate very good agreement between the results obtained with the two
approaches used. In the case of six louver blades installed, the results obtained in the previously
mentioned simulations were almost identical. In the case of five louver blades installed, the re-
sults obtained showed a certain, but quite small discrepancy. Based on the analysis performed it
is generally concluded that less time consuming approach, i. e. poly-dispersed approach, can be
used without significantly affecting the accuracy of the results obtained.

Conclusions

The paper addresses numerical analysis of the influence of particle fineness on the ef-
ficiency of louvers utilization for flow redirection, as well as phase separation in a duct located
after the mill and before the burner feed ducts, with respect to the flow direction. The results ob-
tained confirmed the general conclusion (based on the use of louvers in power plants world-
wide) that louvers may be efficiently utilized as a tool for reaching the above mentioned goals
which could not be achieved by the sole use of traditional classifiers. Installation of louvers
ahead of the burner feed ducts results in high enough concentrations of pulverized coal in the
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ducts equipped with plasma generators for the successful fuel ignition to be accomplished. In
this manner the principle objective of the research conducted has been successfully achieved.
Still, combined and simultaneous use of both regulation systems, i. e. louvers and classifiers,
should not be excluded. Care should be taken to insure that installation of louvers does not cause
a reduction in mill capacities or self-ignition of pulverized coal.

Comparison of the results obtained by calculation of each particle fraction vs. the cal-
culation of poly-dispersed mixture indicate small differences between the two methods em-
ployed, the difference being smaller than the computational error. Consequently, the use of
poly-dispersed mixture provides a few times smaller computational time and is therefore recom-
mended for future analysis.

With respect to the use of numerical simulation for analysing the influence of louver
installation on the flow profile, it has been demonstrated that after the developed model has been
verified by comparison with experimental data, numerical simulation may be utilized as a reli-
able and efficient flow analysis tool. Use of commercial software package FLUENT 6.3 was
deemed appropriate for the task defined. Generation of numerical grid was quick and conver-
gence was reached without any difficulties. Use of developed user-defined functions provided
all necessary statistical flow field parameters to be obtained easily. In this manner, a necessity
for expensive, numerous, long lasting and difficult experimental measurements is considerably
reduced. Verified numerical model enables investigation of numerous flow patterns character-
ised by different flow parameters and geometry, providing considerable assistance in finding the
optimal louver design. Moreover, demonstrated impact of louver geometry and position on flow
characteristics, as well as provision of particular results which could hardly be intuitively ex-
pected, confirm that numerical simulation represents not only convenient, but necessary tool for
finding the optimal problem solution.

The research results presented in the paper did not address the influence of louver instal-
lation on mill capacities and their proper operation. Measurements performed on mills following
the louver installation indicated that mill operation has not been interrupted. However, there is a
possibility that proper mill operation would be affected by installation of louvers characterized by
different design parameters. Therefore, the investigation of louver utilization should be extended,
further considering the coupled effects of particle fineness and louver parameters on the velocity
and concentration fields. In addition, the numerical model employed should be extended so as to
take into account mill characteristics and operation. In such analysis special attention should be
devoted to additional pressure drop resulting from the louver installation.

Nomenclature

Co — drag coefficient, [— Greeck letters

d — particle diameter, [m] . L . B

I‘,p — additional forces, [N] % — cinematic viscosity, [m’s™']

Fp — drag force, [N] u — dynamic viscosity, [Pa-s] .
g — acceleration due to gravity, [ms?] p.pp — fluid and particle density [kgm ]
Re — Reynolds number 7, — particle relaxation time, [s]

u,u, — fluid and particle velocity, [ms™]
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