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Abstract

In the case of designing and service of the pneigrnahveying systems for power boilers,
presence of the solid particle segregation in same@s is an important problem. In many
cases, in such systems diversification of conceairaand out-of-control segregation of
particles take place. In a consequence, diversidicaof propagation, disturbances of the
combustion process and accelerated erosion oh#tallation elements can occur. Moreover
in the large power boilers, the required separaiothe air-dust mixture to particular burners
has to be obtained. This problem is very importaatause of limitation of losses of
incomplete combustion, life of many furnace elermertd NQemission.

It is the outlet straight interval of the dust tubem the mill together with the elbow. The
four-path separator is located just above the elddwe tests of gas and dust separation show
the problem of non-uniformity of their distributiofrrom the results it appears that particle
distribution to particular outlets is non-uniforrmder different service conditions of the
system.

In the paper was presented multi-phase modelsowof iih set with elbow. In work three
methods Euler-Euler, Euler-Lagrange and E-L withdfication was compared with results
of experiments.

The Euler-Lagrange model is usually applied fotsted the multiphase gas-solid particle
mixture motion. It provides good quality of the uitss for volume fractions of solid particles
not exceeding 12%. From tests of elements as elbsgmarators or cyclone separators it
appears that in some of their areas the limit vakfs is exceeded. This work shows that the
Euler-Euler model seems to be more useful for tnsiclered flows.
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INTRODUCTION

In the case of designing and service of the pneigrnahveying systems for power boilers,
presence of the solid particle segregation in same@s is an important problem. In many
cases, in such systems diversification of concgairaand out-of-control segregation of
particles take place. In a consequence, diversidicaof propagation, disturbances of the
combustion process and accelerated erosion of tistallation elements can occur
(Dobrowolski et al., 2006), (Lu et al., 2009), (Wych, 2007), (Wydrych, 2011). Moreover in
the large power boilers, the required separatiothefair-dust mixture to particular burners
has to be obtained. This problem is very importbatause of limitation of losses of
incomplete combustion, life of many furnace elermartd NQemission.

The design problems connected with the pneumativeygng systems are the subject of
many research works (Akilli et al., 2001), (Millet al., 2009), (Triesch et al 2001). In many
papers we can find equations determining linearlacal resistances of different elements of



the installation El-Behery et al., 2009). They include, among others, infagerof the
dispersed phase, the substitute diameter of pestiehd spatial location of the elements on
losses of pressure (Hidayat et al.,, 2005), (Lulet2©009). Much attention was paid to
conditions under which the dust can accumulat@eninstallation (Dobrowolski et al., 2006),
(Fokeer et al.,, 2004). This problem is very impotrtdbecause of the required mixture
separation and work safety. Many papers are devtde@xperimental and numerical
investigations of the flow in the pneumatic conveysystems (Albion et al., 2007), (Borsuk
et al., 2006), (Hidayat et al., 2005), (Levy et &P98), (Rajniak et al., 2008), (Woods et al.,
2008). Many papers were devoted to different seperancluded into dust-pipe installations
(Bilirgen et al., 2001), (Dobrowolski et al., 2004)Lain et al., 2012). In the furnace
installation in the Opole Power plant there are-path separators with mobile baffles and
four-path separators, allowing to control distribot Such structures were subjected to
numerical investigations, many measurements wemne,doo.

This paper presents numerical tests of the flowthef air-coal dust mixture through the
pipeline with the build-up elbow. The tests weraf@ened in order to qualitative and
guantitative comparison of the calculation restdtstwo methods of simulation: the Euler-
Lagrange and the Euler-Euler methods. Strong diieason of concentration and particle
segregation within the elbow caused diversificatbbrroncentration of the mixture silt to the
four-path separator located directly above be theve (Spedding et al., 2007), (Wang et al.,
2001). It was a reason of the diversified dust pggpion after the separator and accelerated
erosion of separators. Its influence on the partsgparation was tested with two methods.
The considered flow system is shown in Fig. 1.

Fig. 1. General view of the examine four-path sefmarsystem

It is the outlet straight interval of the dust tubem the mill together with the elbow. The
four-path separator is located just above the elddwe tests of gas and dust separation show
the problem of non-uniformity of their distributiofrom the results it appears that particle
distribution to particular outlets is non-uniforrmder different service conditions of the
system.

The Euler-Lagrange model is usually applied fotstes the multiphase gas-solid particle
mixture motion. It provides good quality of the uits for volume fractions of solid particles
not exceeding 12%. From tests of elements as elbsgmarators or cyclone separators it
appears that in some of their areas the limit val2® is exceeded (Jaworski et al., 2002).
This work showsthat the Euler-Euler model seems to be more udefuthe considered flows
(Wydrych et al., 2010), (Wydrych, 2010).



SIMULATION OF MULTIPHASE FLOWS
Presence of the particles in the gas stream infleeithe gas motion, and this influence
depends on the particle concentration. In the ssiptase, the mixture motion can be
described by introduction of the substitute denstthe equations of motion. In simulation of
motion of the diluted gas-particles mixture, tw@egaches are applied (Fokeer et al., 2004):
» particular particles are treated as the materiahtpadisplacing in the space, and their
interactions with gas and the walls are taken attwount (the Lagrange method) (Lain et
al., 2012),
» the particle phase is replaced by the fictitiousidfl with suitably defined physical
properties (the Euler method).

Simulation with the Euler-L agrange method

In order to realize numerical tests, the matherahtitodel containing equations of motion
for the gaseous phase and coal dust particles pided. The air motion was described with
the Euler method, and the particle motion — bylthgrange method. It is possible to analyze
motion of the gas-particle polydispersive mixtune,this paper the PSICell method was
applied.

Simulation of the gaseous phase flow

Neglecting the phase changes and assuming thatpbaites are incompressible, and the
flow is isothermal and stationary, the gas motian be described in the uniform, generalized
conservative form, isolating convection, diffusiand source components. In a consequence
we obtain
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where @is a generalized dependent varialblg,js the coefficient of diffusion transport, and
the source terr, contains all the remaining components of the tBfiéial equations (except
for convection and diffusion ones). The coefficgef}i Syare dependent on the varialgdn

the PSICell method it is assumed that particlethefdisintegrated phase are the sources of
mass, momentum and energy occurring as additiom@ponentsS,, in equations of the
continuous (gaseous) phase.

The system of equations is accompanied by suitatedary and initial conditions. The
above system of partial differential equations astinear. Particular equations are coupled,
so they have to be solved with special numericdirngues.

In order to calculate turbulence modet kvas used. The standarceknodel is a semi-
empirical model based on model transport equationghe turbulence kinetic enerdgyand
its dissipation rate. The model transport equation fois derived from the exact equation,
while the model transport equation ferwas obtained using physical reasoning and bears
little resemblance to its mathematically exact ¢egpart (Wang et al., 2001).

In the derivation of the k-model, it was assumed that the flow was fully tlebt, and
the effects of molecular viscosity were negligibldwe standard k-model is therefore valid
only for fully turbulent flows (Akilli et al., 2001 The turbulence kinetic energy, k, and its
rate of dissipatiorg, are obtained from the following transport equagi¢kuan et al., 2007):
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In these equations3k represents the generation of turbulence kineterggndue to the

mean velocity gradient$s, is the generation of turbulence kinetic energy ttubuoyancy.
Ywu represents the contribution of the fluctuatinga@ition in compressible turbulence to the
overall dissipation rateCy,, C,,, andCs, are constantsgi and o, are the turbulent Prandtl
numbers foik and ¢, respectivelyS andS; are user-defined source terms. The turbulent (or
eddy) viscosity; is computed by combiningande as follows:

k2

= m,ui (4)
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The model constants,, , C
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C,, o, and o, have the following default values, =144,
C, =192, C, =009, o, =10 and o, =13.

These default values have been determined from riexpets with air and water for
fundamental turbulent shear flows including homagrrs shear flows and decaying isotropic
grid turbulence. They have been found to work yaivell for a wide range of wall-bounded
and free shear flows.
Simulation of the solid particle flow

The particle trajectory should be known during akdtion of the mentioned above source
components. The particle trajectory is calculatedoeding to its equation of motion. If the phase
density difference is big, the equation of partitietion can be written gd.ain et al., 2012):
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wheremp is mass of the particle, ar@} is the aerodynamic drag coefficient (Bilirgen &t 2001).
Special attention should be paid to the case wherparticle collides with the wall. In such a case,
components of the particle velocity vector aftee ttollision are calculated from the following
equationsKuan et al., 2007

upl = etup’ Vpl = _envp (6)

wheree ande, define coefficients of restitution in shear andmal directions to the wall surface,,
vp, are forward speeds in directions x, and y (Kdsies al., 2010). In Eq.(6), the subscript 1 means
component of the particle velocity after collisigirieschet al., 2001).

Dependences of the coefficient of restitution o@ plarticle glancing angle for the given pairs of
materials are obtained during tests. The dependdncehe pair stainless steel 410 — quartz saed ar
expressed by the following equations :

g = 0988- 166a + 211a* - 067a°

(1)
e, = 0993- 176a + 156a% - 049a°

Turbulent dispersion of particles can be modelethgusa stochastic discrete-particle
approach. In the stochastic tracking approach, RllUPBredicts the turbulent dispersion of
particles by integrating the trajectory equations findividual particles, using the
instantaneous fluid velocityy =u'(t), along the particle path during the integratioe\y et

al.,, 1998). By computing the trajectory in this man for a sufficient number of
representative particles, the random effects diui@nce on the particle dispersion may be
accounted for. In FLUENT, the Discrete Random W@&RW) model is used. In this model,
the fluctuating velocity components are discregcewise constant functions of time. Their
random value is kept constant over an intervairétgiven by the characteristic lifetime of



the eddies. The DRW model may give non-physicalltesin strongly inhomogeneous
diffusion-dominated flows, where small particlesosld become uniformly distributed.
Instead, the DRW will show a tendency for suchipias to concentrate in low-turbulence
regions of the flow (Yilmaz et al., 2001).

Moreover, for calculation the drag coefficieng,Can be used the shape fagpowhich is
taken from Haider and Levenspiel model. The shapw®f is defined as

p= (8)
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where s is the surface area of a sphere havingaime volume as the particle, and S is the
actual surface area of the particle.

Simulation with the Euler-Euler method

Simulation of the flows in conveying systems regsiincluding more than one phase in the flow
(Wydrych et al., 2010). Presence of at least twasph in the mixture provides presence of different
flow patterns depending on flow intensity of pautar phases, their physical properties and the
considered geometry.

In the case of pneumatic conveying, analysis wasdhan numerical solutions performed with the
Euler method and the Fluent program (Wydrych et2610). The Euler-Euler method was applied
where the discrete phase was included as a substitintinuous medium penetrating the gaseous
phase. Substitution of the diluted phase by thetimoous medium causes that it is necessary to
determine properties of this medium similarly likethe case of real continuous media. For such
medium defined as granular, temperature, presswtgeanular viscosity are calculated. Procedure of
determination of these properties is presenteldisngaper.

General mass and momentum conservation laws argathe as equations for one-phase
flows and they are also valid for multiphase flowsorder to include two or more phases in
the control areas, a concentration measure ofesipighses in the mixture. This measure is the
volume fraction which in the balanced volume ised as:

a, =y [X(nav ©

where X(r) takes the value 1 or 0 depending on that if ttieeréntial volumedV of the
coordinater contains the phase ,k” or not (Dodds et al., 20Bgcording to the rules of
fraction summation after all the occurring phasgs the following equality is valid:

Ya, =1 (10)

The efficient density of phase ,k” is described by
by = a\ o (11)

In the case of simulation of multiphase gas-solldw$ while fluidization, the
heterogeneous Euler-Euler model (the Euler modelppplied. In this model, separate
equations are formulated for each phase, and indh&ol areas their averaged properties are
taken into account. In the case of the Euler mothe, equations of mass and momentum
conservation are similar to the equations for thiexial model. In the assumed Euler method,
the disintegrated material is included as the swibst granular continuous medium
penetrating the gaseous phase. If there is no massmnge between the considered phases,
the equation of motion and continuity for phase k& Hidayatet al., 2005):
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The tensorr, is described by :
T 2
Ty =akﬂk(DUk+DUk )+ak(/‘k_3/uk)m o | (14)

The superscript T concerns transposition of th@acil gradient tensor. The vectét

including the forces generated by contacts of sphadicles concerns only the balance of
momentum for the disintegrated ,granular” solid gdaand for fluids it is equal to zero. This
component includes the results of interactions betwparticles, means solid phase viscosity,
and shear stresses for the solid partigles, . Similarly like in the case of fluids, the granula

absolute viscosity,, and volumetric viscosity), are included. A value of the vectey for

the disintegrated solid phase, understood as acaminuous fluid is calculated in a similar
way as for influence of the stresses occurringguidl phases, i.e. fronHjdayatet al., 2005):

F=0 [ﬂzﬂkﬂ - pkl) (15)

The momentum exchange between phases is infludncddrce of gravity and force of
aerodynamic drag. Interfacial actia can be described by the following expression:

Fe =Ko -o) (16)

The coefficientk, can be written in the following general form:

K, = 2Pt (17)
T
d

Time of dynamic relaxation of the particle can bten as:

T
4 18y

The coefficient of interfacial momentum exchangein the Gidaspow model, assumed

while tests, can be written as (Wydrych el al.,@01
. for a volume fraction of the continuous phase 08

3 aapu, —u _
Kk :ZCD k dkk ‘a 265 (19)
where coefficienCp is expressed by the relationship (Spedding e@Qy):
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The Reynolds number is expressed as

_ pdyju —ul
U

Re (22)



In multiphase flows of disintegrated particles, myiar pressures are determined
independently for each disintegrated phase. Nexy tre applied for determination of the
pressure gradient in the equations of motion. khepto determine granular pressures and
granular viscosities it is necessary to introdu@nglar temperatures into the model. Granular
pressure can be expressed as:

P = @00, + 20, (1+ €4 ) * Yo Os (23)
Coefficient g, can be described by :

-1

Qokk = 1_( <l jg (24)
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Granular temperature is proportional to kinetic rggeof fluctuation of solid particle
motion and the equation of transport coming frone tinetic theory where granular
temperature of phase ,k” is proportional to kinetiwergy of the random motion of particles
can be expressed as:

3|0
Z{m(Pkaka)*'D [qpkakukek):| = (- pl +T,): gy +0 [ﬁkoklj@k)_y@k 4 (25)

where (- p, | +T,): 00, iS energy generated by the stress tensor fordi [sarticle,(k@kmek)
is energy diffusion and the diffusion coefficief is dependent on granular temperature and
it Is expressed as:

150pkdk«/(9ﬂ)[ 6 T 2 lo,
= KN T 14 2 @ G (L+ +20.a,°d, 1+ e, ). | % (26)
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The coefficient of energy dissipation while pasicbllisions is expressed by:
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Energy transfer during random fluctuations of véles of particles of phase ,k” to the gas
or other disintegrated phases can be written iridbh@wving form:
@ = 3K, 6, (28)

Neglecting convection and diffusion, it is possilbbeuse the algebraic relationship for
determination of granular temperature.
In equations of motion of the phase ,k” there is ttoefficient of volume viscosity, ,

including resistance of the disintegrated phasenagaompression and expansion, which is
determined from:

4 o 1/2
A= gakpkdk Yokk (1"' €k )(ﬂkj (29)
The coefficient of absolute viscosigy,, calculated from:

M = Hieor T Hikin T M 1 (30)

where the components are collision, kinetic andtirh viscosities (Triesch et al., 2001).
Particular components are calculated from
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The Euler model is the most complex model accessibithe package FLUENT. While
realization of calculations the equations of motasmd continuity are solved for each phase.
Coupling between them is realized by pressure caedficients of interphase exchanges. In
the case of granular flows applied while calculagidor pneumatic conveying, the properties
characterizing the flow are obtained by applicatbiinetic theory. In the case of multiphase
flow realized with the Euler method , the solutisnbased on the following assumptions
(Wydrych et al., 2010):

in the control area for all the phases the samsspre is valid,

» the equations of continuity and motion are formedafior each phase,

* in the case of the disintegrated phase the follgyiarameters are introduced:

— granular temperature calculated for each disintedrgphase with use of algebraic

relationships,
— coefficients of granular absolute and volume vigees obtained with kinetic theory
similar to kinetic theory for gases.

THE RESULTS OF NUMERICAL SIMULATION

An attempt of qualitative and quantitative assesgno¢ the simulation results obtained
with two methods was performed for flow systemtd inlet interval before the separator. In
order to make calculations the continuous flowesyst were replaced by the calculation areas
including non-structural calculation networks. Thetwork includes 372846 calculation
elements of volumes 5.8®°+1.8810* m®. Fig. 1 shows the tested systems, i.e. the elbow
located before the four-path separator. The figuesents discretization of the tested areas to
the calculation networks.

Fig. 2. Discretization of the calculation area

The FLUENT program was applied for numerical catohs. It allows to solve the
systems of equations of mass transport, gas momeatwl the solid phase completed with
the turbulence model equations. Calculations weaglenaccording to the Euler-Lagrange
method (theeEL method) and the Euler-Euler method (Bte method). Moreover calculations



were made with use Euler-Lagrange method complbtegbarticle turbulence effect and
particle shape effect (tHel pl method).

Disintegrated coal particles for diametegs Ib, 90, 125, 20@m were tested. Calculations
were realized for a stationary flow with interfdataupling, and at the inlet to the calculation
area stationary velocity distributions of the gasephase were assumed. The inlet velocity
was at level 30m/s. The presented results conadgntbe inlet to the system together with
the tested elbow, and the separator was not takeraccount.

Fig.3 presents distributions of the gas velocitydoias and pressure obtained with the EE
method — a), b), the EL method — c), d) and thelEhpthod — e), f). Analysis of velocity
distributions in the tested system gives informatidoout positions of zones of the increased
and decreased velocities. The velocity increasestgiace along the internal sides of the
elbows. The decreased velocity zone can cause atatiom of solid particles in its volume.
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a) 47.1m/s 101511 b) 102795Pa
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[ . 1 N s 1 D |
0.0 c) 40.2m/s 101430 d) 102317Pa

T
[ i - i B
0.0 e) 40.0m/s 101452 f) 102425Pa

Fig. 3. The velocity and pressure fields obtaindth he methods a), b) — EE, c), d) — EL and e}, BLpl



In the case of the Euler-Lagrange model, when cg@ree of the velocity field solution
is obtained and presence of solid particles anglowy between the phases are taken into
account, trajectories of motion of the coal dustipies of density 1300kg/fare calculated.
Fig.4 shows the results of calculations of trajge®of the particles delivered to the system
from the point inlets for the inlet velocity 30ndbtained with the EL method — a), c), e), g)
and the ELpl method — b), d), f), h). Different @ats mark the particle residential time, for
which maximum value is in a range 0.506656s. The figure presents the trajectories of the
particles 15, 90, 125 and 20 in diameters under vertical distribution of than inlets of
the supplying section.
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Fig. 4. Trajectories of the particles obtained wtfta methods a), ,c), €), g) — EL, and b), dh¥) EL
for particles a), b) - 38m, c), d) - 9¢im, e), f) - 12fum and g), h) - 206m

From analysis of the trajectories it appears thatdarticles of small diameters move along
the paths corresponding to lines of the gaseousepltarrent, and the particles of big
diameters often move along to the paths formingaad®, this is a reason of local increase of
concentration (Bilirgen et al., 2001), (Borsuk bt 2006), (Fokeer et al., 2004), (Schallert et
al., 2000), (Wydrych, 2010), (Yilmaz et al., 200This effect can cause increase of non-
uniformity of the solid phase concentration behihd elbow and, in a consequence, worsen
of the particle separation by the four-path separat

0.00304 a) 0.521

0.0 b) 19.2 kg/rh




0.0 b) 17.5 kg/rh
Fig. 5. Distributions of concentration in verticaEction obtained with methods a) - EE b) - EL, endELpl

Analysis of the particle motion trajectories wadidor coal dust concentration in the
chosen sections. The results of calculations oteotmation of the particles delivered to the
system from the inlets were presented for all dignseof particle for the inlet velocity 30m/s.
Fig.5 shows the results obtained with the EE meth@q, the EL method — b) and the ELpl
meth(gd — ¢). Method EE gives the results as a vel@maction but for both other unit is
[kg/m?]

From analysis of particle concentration distribatib appears that a change of the flow
direction influences formation of big non-uniformeg in rectilinear intervals after the elbows.
The centrifugal force causes that thick dust foaxgiare rejected to the external surfaces of
the arcs, and next they move as “the cords” ofigast (Akilli et al., 2001), (Hidayat et al.,
2005). This effect is undesirable because of segjeyof particles, it also causes excessive
wear of surfaces of the installation elements ims@reas (Abrahamson et al., 2002). From
comparison of the results obtained with differerdgtimods it appears that the EL and ELpl
models shows greater particle concentration atléss area than the EE model. This
difference is a result of including collisions beem the dust particles of all the phases into
the EE model. In the EL and ELpl models it is netgd.

COMPARATIVE ANALYSIS OF THE SIMULATION AND EXPERIMENTAL
RESULTS

The calculations performed with the Euler-Lagrarig&, ELpl) and Euler-Euler (EE)
methods allowed to determine distributions of tligintegrated phase in the outlet section
after the tested elbow. In both methods, the umfdistribution of velocity distribution 30m/s
was assumed for the inlet section. The assumed mdass flow rate was calculated from
global rate for inlet section 12.55kg/s and pagticbncentrations for each phases. In the EL
and ELpl methods, the inlet section including 48®ints of particles the trajectories of
19296 particles started. The patrticles startingr theovement in the tested system passed
through the elbow area and next they reached tHet@ection located just before the four-
path separator. In the EE method, an uniform éstion of particle volume fraction at the
level 0.9654% was assumed at the inlet section.rébelts of calculations of the solid phase
concentration were recalculated into the unithefrnass stream g/(ém).

Table 1 contains distributions of dust particles 9%, 125 and 2Q0n in diameters at the
outlet after the elbow obtained with the EE, EL &lgpl methods. Maximum results in the



table was truncated to 0.3% for EE method and f(ctgs) for EE and EEpl methods. On
the pictures presented in next part of article inp&t of elbow is located on left side of
circles.

From the results obtained with the EL and ELpl rodtHor all particle diameters it
appears that the particle concentration is incekadethe external side of the circle arc as
compared with the results obtained with the EE wetiThe EE method gives more uniform
results of calculations of concentration for a# tested particle fractions.



Table 1. Distributions of concentration for paigll5, 90, 125, 2@in in diameters and for all types of particle
obtained with the EE, EL and ELpl methods

15 125 200 All

EE

EL

ELpl

Measurements of the distributions of velocity aodaentration of dust in the measuring
section after the elbow were performed in ordedetermine the real flow conditions. The
measurements were performed in the service conditfpobrowolski et al., 2004), (Parys,
2000). The dust samples in the section before ¢parator were drawn with the device for
isokinetic suction. Velocity and concentration disitions are similarly to obtained by other
researchers (Barratt et al., 2000).

After comparison particle concentration distribatiembtained with experiment and
calculation, it appears that particles form big-umiformities after the elbows. It is especially
evident for particles bigger in diameter.

In order to assess qualitative differences betwien results obtained with different
methods, introduction of a new quantity is suggstamely the coefficient of variability of
concentration distribution of the solid phage This coefficient was calculated according to
the standard deviations of the local value of catregion related to the mean concentration
(Wydrych, 2010)

e

Vg C

(34)
whereg; is the local concentration of the solid phasés the mean concentration, ands a
size of the calculation points. Table 2 presentikies of the variability coefficient for
diameters 15, 90, 125, 20t and all diameters obtained from calculations etiog to the
EE, EL and ELpl methods.



4020 228

600.00

B00.00
360,00 3768 360.00 189
12000 o 3516 12000 149
-120.00 t -120.00
32684 1.10
38000 380 00
3012 0.70
-600.00 -600.00
a) E0000 3000 12000 12000 360.00 600.00 2760 b) S0000 3000 -12000 12000 0,00 800,00 031
095 1.18
B00.00 80000
36000 0.76 360.00 0.94
o 058 0m a71
a0 EEN .
0.39 048
E ] 380 00
0.20 0.26
-600.00 -600.00
C) BO000 SE000 12000 12000 38000 B00O0 002 d) BO000 000 42000 12000 38000 6O0OO 003
0.81 029
600.00 = 600.00 -
w000 - 085 360,00 023
12000 4 049 12000 - 047
-12000 ! -120.00 .
0.33 0.11
-360.00 - -360.00
017 005
B0 B000
e) -600.00 -360.00 -120.00 12000 360.00 600.00 0.01 f) -600.00 -360.00 -120.00 12000 360.00 600.00 -0.02

Fig 6. Distributions of a) velocity in [m/s] andreentration in [g/s] for the particles b) all diaems, ¢) 15, d)
90, e) 125 and f) 2@0n obtained with experiment

Table 2. Coefficient of variability for distributioof velocity and particle’s
concentration obtained with experiment, EE, EL Bhgl methods

Veloc. 200 125 90 15 All
EXP 0.085918 1.178525 0.881735 0.757624 0.481491 0.388447
EE 0.06639| 6.3680% 5.555913.726732 0.04343| 3.245496
EL 0.101455 8.030895 5.705094 4.986083 1.073618 3.923967
ELpl 0.083487| 7.805772 5.66292| 4.8809730.841747 3.852774

From analysis of characteristics of the variabitibefficient it appears that in the case of
all the tested particle diameters, the EE, EL ahpl Enethods causes more non-uniformities
in concentration distributions as compared with eexpent (EXP). The particles of big
diameters cause increase of non-uniformity, angligha result of greater inertia.

One of correlation method was used for better reitimg obtained distributions. In
statistics, Spearman's rank correlation coefficiepf is a non-parametric measure of
statistical dependence between two variables.sksaes how well the relationship between



two variables can be described using a monotomction. If there are no repeated data
values, a perfect Spearman correlation of +1 owoedurs when each of the variables is a
perfect monotone function of the other. The Spearomarelation coefficient is defined as the
Pearson correlation coefficient between the rankethbles. For a sample of siagthen raw
scores X Y; are converted to ranks ¥, and k, is computed from these:

z( %)y, -

(35)

Table 3 presents possible ranges of correlatiam flo correlation to perfect correlation. Colors in
table mean different level of correlation. Thisata@n was used in next tables, in which are present
comparisons of the results.

Table 3. Scale ofy values

Positive correlation Negative correlation Correlation level
Iy =0 y =0 no correlation
0<Ky<0,1 -0,1<5 <0 very weak positive/negative correlation
0,1<=¢,<0,4 -04<k<=-0,1 weak positive/negative correlation
04 <=§,<0,7 -0,7<kp<=-0/4 moderate correlation
07<=§ <09 | -07<y<=-09 |[[ITTsiong positive/negative correlation |
ry >=0,9 ky<=-0,9 very strong positive/negative correlation
Iy =1 by = -1 perfect positive/negative correlation

Tables 47 present coefficient of correlation for distritmriof particle’s concentration for
experiment, EE, EL and ELpl methods respectivelyis Ivisible that for majority of the
metods occurrence negative correlation of particlépgm and bigger particles. This
phenomenon is a result of filling volumes by lapgeticles, which cause crowding-out effect
for smaller particles. Respectively to works (Akit al.,, 2001), (Bilirgen et al., 2001),
(Borsuk et al., 2006), (Fokeer et al., 2004), (hataet al., 2005), (Schallert et al., 2000),
(Wydrych, 2010), (Yilmaz et al., 2001) about forgia “cord”, authors suggest to introduce a
new definition ‘anti-cord” or “anti-rope”. Meaning of this concept is lack of small paril
in volumes filled by bigger one. This phenomenomesult of interparticle collisions, which
stronger inflow on smaller particles, because theialler inertia.

Table 4. Coefficient of correlation for distributi@f velocity and particle’s
concentration for result of experiment

predk 200 125 90 15
Al 15.80% 92.40% | 93.81% | -35.95%
15 46.03% 7391% -6848%, 6538% 100.00%
90 -2.69% | 95.67% | 99.21% 100.00%
125 | -5.68% | 97.48%  100.00%
200 | -18.52% | 100.00¢




Table 5. Coefficient of correlation for distributi@f velocity and particle’s
concentration for result of EE method

125 | -40.19%]

| 40.14% | 100.00Y

predk
All -39.99% | 9996%
/ ///// //////// /// // s ////// /// ////// /
15 | 39.44% | -99.92% -99.97% -99.90%  100.009
-39.75% 100.009

Table 6. Coefficient of correlation for distributi@f velocity and particle’s
concentration for result of EL method

predk
All | -21.61% | 69.88%) [ 99.99%] 90.90%] | 99.96%
15 | 14.75% | 99.92% -99.97% -99.90%| 100.00%
90 | -8.89%
125 | -11.40%
200 | -4.67%

Tables #9 present coefficient of mutual correlation for tdisution of particle’s
concentration compared results of experiment wkh EL and ELpl methods respectively. It
is visible that for particles 18n from experiment occurrence negative correlatmmbigger
particles from calculations. This effect is simijaio phenomenon described for prior tables.

Comparison last three tables let conclude thatrEtilger method is the best to calculation
of particle distribution in set with elbow. For bhotother introduction of additional
mechanisms cause improvement results for ELpl ntetBifferences between EE and EL
methods are result interparticle collisions incldidly in Euler-Euler method. Adding this
mechanism to Euler-Lagrange methods may improviei&fiicy of particle’s concentration

distribution estimation.

Table 7. Coefficient of correlation for distributiof particle’s
concentration compared results of experiment wiEhniethod

EXP/EE| 15 90 125 200 Al
15 | 15.56% | -11.98%) -12.89%) -14.33%) -12.34%
90 %’/7/ 2%

125
200 5%
Al %Z/////Z/?

Table 8. Coefficient of correlation for distributif particle’s
concentration compared results of experiment withrethod

EXP/EL

15 90 125 200 All
15 | 11.16% | -21.57%| -3.88% | -2.76% | -18.61%
90 6.29% 58.35% | 54.29% | 67.85%
125 | 4.21% 59.15% | 53.70% | 67.02%
200 | 14.14% 57.19% | 51.18% | 57.90%
All 41.56% 64.80% | 58.92% | 75.10% |




Table 9. Coefficient of correlation for distributi@f particle’s
concentration compared results of experiment withlEnethod

EXP/ELpl 15 90 125 200 All
15 15.75% | -21.91%| -14.77%| 14.91% | -21.66%
90 28.68% 63.42% | 69.69%
125 25.76% 62.88% | 68.13%
200 23.57% 60.57% | 58.63%

All 14.87% 67.58%

CONCLUSIONS

The performed investigations allow to formulate soimmportant conclusions. From
analysis of trajectories it appears that the padiof small diameters move along the paths
corresponding to the lines of the gaseous phaserturand the particles of big diameters
often move along the paths forming a “cord” — tlasa reason of the local increase of
concentration.

The results obtained with the EL and ELpl methamtsafl diameters of particles prove the
increased concentration of particles at the extesite of the circle arc in relation to the
results obtained with the EE method. The EE metogs more uniform results of
concentration calculations for all the tested phatiractions. This difference is a result of
including collisions between the dust particlesha EE model, omitted in the EL and ELpl
models.

The coefficient of variability of concentration ttibution of the solid phaseVs was
proposed. Comparison of the variability coefficeatlows to state that simulation using the
Euler- Euler method gives the results closer ta¢iseresults.

Coefficient of correlation was used in wofkr better recognition obtained distributions
Results show that for majority of the metods oaence negative correlation of particlesuirb and
bigger particles. This phenomenon is a result hihg volumes by large particles, which cause
crowding-out effect for smaller particles. Authsrgygest to introduce a new definiticanti-cord”.

Comparison reciprocal correlation for distributiasf particle’s concentration from
experiment with EE, EL and ELpl methods shows fbatparticles 15m from experiment
occurrence negative correlation for bigger parsi¢dtem calculations.

Researches let conclude that Euler-Euler methothdsbest to calculation of particle
distribution in set with elbow. Differences betwde and EL methods are result interparticle
collisions included only in Euler-Euler method. Awlgl this mechanism to Euler-Lagrange
methods may improve efficiency of particle’s cortcation distribution estimation.

The observed quantitative differences can reswolinfthe assumed simplifications and
three-dimensionality of the flow in the tested syst It limits the applicability range of the
methods used for the measurements of dust velaodyconcentration.

In such situations, the results obtained accordimgthe Euler-Lagrange model are
incorrect, and the error is a result of applicatdran incorrect method of calculations. In the
case of volume fractions of solid particles in gaseeding 12%, the Euler-Euler method (so-
called Euler methods) seems to be more usefulttdadnethod can be recommended to the
further investigations.
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