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Abstract 

In the case of designing and service of the pneumatic conveying systems for power boilers, 
presence of the solid particle segregation in some areas is an important problem. In many 
cases, in such systems diversification of concentration and out-of-control segregation of 
particles take place. In a consequence, diversification of propagation, disturbances of the 
combustion process and accelerated erosion of the installation elements can occur. Moreover 
in the large power boilers, the required separation of the air-dust mixture to particular burners 
has to be obtained. This problem is very important because of limitation of losses of 
incomplete combustion, life of many furnace elements and NOx emission. 

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

In the paper was presented multi-phase models of flow in set with elbow. In work three 
methods Euler-Euler, Euler-Lagrange and E-L with modification was compared with results 
of experiments. 

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

In the case of designing and service of the pneumatic conveying systems for power boilers, 
presence of the solid particle segregation in some areas is an important problem. In many 
cases, in such systems diversification of concentration and out-of-control segregation of 
particles take place. In a consequence, diversification of propagation, disturbances of the 
combustion process and accelerated erosion of the installation elements can occur 
(Dobrowolski et al., 2006), (Lu et al., 2009), (Wydrych, 2007), (Wydrych, 2011). Moreover in 
the large power boilers, the required separation of the air-dust mixture to particular burners 
has to be obtained. This problem is very important because of limitation of losses of 
incomplete combustion, life of many furnace elements and NOx emission. 

The design problems connected with the pneumatic conveying systems are the subject of 
many research works (Akilli et al., 2001), (Miller et al., 2009), (Triesch et al 2001). In many 
papers we can find equations determining linear and local resistances of different elements of 



the installation (El-Behery et al., 2009). They include, among others, influence of the 
dispersed phase, the substitute diameter of particles and spatial location of the elements on 
losses of pressure (Hidayat et al., 2005), (Lu et al., 2009). Much attention was paid to 
conditions under which the dust can accumulate in the installation (Dobrowolski et al., 2006), 
(Fokeer et al., 2004). This problem is very important because of the required mixture 
separation and work safety. Many papers are devoted to experimental and numerical 
investigations of the flow in the pneumatic conveying systems (Albion et al., 2007), (Borsuk 
et al., 2006), (Hidayat et al., 2005), (Levy et al., 1998), (Rajniak et al., 2008), (Woods et al., 
2008). Many papers were devoted to different separators included into dust-pipe installations 
(Bilirgen et al., 2001), (Dobrowolski et al., 2004), (Laín et al., 2012). In the furnace 
installation in the Opole Power plant there are two-path separators with mobile baffles and 
four-path separators, allowing to control distribution. Such structures were subjected to 
numerical investigations, many measurements were done, too. 

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

 

Fig. 1. General view of the examine four-path separator system 

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

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



 
SIMULATION OF MULTIPHASE FLOWS 

Presence of the particles in the gas stream influences the gas motion, and this influence 
depends on the particle concentration. In the simplest case, the mixture motion can be 
described by introduction of the substitute density to the equations of motion. In simulation of 
motion of the diluted gas-particles mixture, two approaches are applied (Fokeer et al., 2004):  
• particular particles are treated as the material points displacing in the space, and their 

interactions with gas and the walls are taken into account (the Lagrange method) (Laín et 
al., 2012), 

• the particle phase is replaced by the fictitious fluid with suitably defined physical 
properties (the Euler method). 

 
Simulation with the Euler-Lagrange method 

In order to realize numerical tests, the mathematical model containing equations of motion 
for the gaseous phase and coal dust particles was applied. The air motion was described with 
the Euler method, and the particle motion – by the Lagrange method. It is possible to analyze 
motion of the gas-particle polydispersive mixture, in this paper the PSICell method was 
applied. 

 
Simulation of the gaseous phase flow 

Neglecting the phase changes and assuming that both phases are incompressible, and the 
flow is isothermal and stationary, the gas motion can be described in the uniform, generalized 
conservative form, isolating convection, diffusion and source components. In a consequence 
we obtain 
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where φ is a generalized dependent variable, Γφ is the coefficient of diffusion transport, and 
the source term Sφ contains all the remaining components of the differential equations (except 
for convection and diffusion ones). The coefficients Γφ i Sφ are dependent on the variable φ. In 
the PSICell method it is assumed that particles of the disintegrated phase are the sources of 
mass, momentum and energy occurring as additional components Sφp in equations of the 
continuous (gaseous) phase.  

The system of equations is accompanied by suitable boundary and initial conditions. The 
above system of partial differential equations is non-linear. Particular equations are coupled, 
so they have to be solved with special numerical techniques. 

In order to calculate turbulence model k-ε was used. The standard k-ε model is a semi-
empirical model based on model transport equations for the turbulence kinetic energy k and 
its dissipation rate ε. The model transport equation for k is derived from the exact equation, 
while the model transport equation for ε was obtained using physical reasoning and bears 
little resemblance to its mathematically exact counterpart (Wang et al., 2001). 

In the derivation of the k-ε model, it was assumed that the flow was fully turbulent, and 
the effects of molecular viscosity were negligible. The standard k-ε model is therefore valid 
only for fully turbulent flows (Akilli et al., 2001). The turbulence kinetic energy, k, and its 
rate of dissipation, ε, are obtained from the following transport equations (Kuan et al., 2007): 
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In these equations, Gk represents the generation of turbulence kinetic energy due to the 
mean velocity gradients. Gb is the generation of turbulence kinetic energy due to buoyancy. 
YM represents the contribution of the fluctuating dilatation in compressible turbulence to the 
overall dissipation rate. C1ε, C2ε, and C3ε are constants. σk and σε are the turbulent Prandtl 
numbers for k and ε, respectively. Sk and Sε are user-defined source terms. The turbulent (or 
eddy) viscosity µt is computed by combining k and ε as follows:  
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The model constants ε1C , ε2C , µC , kσ  and εσ  have the following default values 44.11 =εC , 

92.12 =εC , 09.0=µC , 0.1=kσ  and 3.1=εσ . 

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

The particle trajectory should be known during calculation of the mentioned above source 
components. The particle trajectory is calculated according to its equation of motion. If the phase 
density difference is big, the equation of particle motion can be written as (Laín et al., 2012): 
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where mP is mass of the particle, and CD is the aerodynamic drag coefficient (Bilirgen et al., 2001). 
Special attention should be paid to the case when the particle collides with the wall. In such a case, 
components of the particle velocity vector after the collision are calculated from the following 
equations (Kuan et al., 2007): 

 pnpptp vevueu −== 11 ,  (6) 

where et and en define coefficients of restitution in shear and normal directions to the wall surface, up, 
vp, are forward speeds in directions x, and y (Kosinski et al., 2010). In Eq.(6), the subscript 1 means a 
component of the particle velocity after collision (Triesch et al., 2001). 

Dependences of the coefficient of restitution on the particle glancing angle for the given pairs of 
materials are obtained during tests. The dependences for the pair stainless steel 410 – quartz sand are 
expressed by the following equations : 
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Turbulent dispersion of particles can be modeled using a stochastic discrete-particle 
approach. In the stochastic tracking approach, FLUENT predicts the turbulent dispersion of 
particles by integrating the trajectory equations for individual particles, using the 
instantaneous fluid velocity, )t(uu ′= , along the particle path during the integration (Levy et 
al., 1998). By computing the trajectory in this manner for a sufficient number of 
representative particles, the random effects of turbulence on the particle dispersion may be 
accounted for. In FLUENT, the Discrete Random Walk (DRW) model is used. In this model, 
the fluctuating velocity components are discrete piecewise constant functions of time. Their 
random value is kept constant over an interval of time given by the characteristic lifetime of 



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

Moreover, for calculation the drag coefficient, CD, can be used the shape factor φ, which is 
taken from Haider and Levenspiel model. The shape factor is defined as 

 
S
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where s is the surface area of a sphere having the same 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 requires including more than one phase in the flow 
(Wydrych et al., 2010). Presence of at least two phases in the mixture provides presence of different 
flow patterns depending on flow intensity of particular phases, their physical properties and the 
considered geometry. 

In the case of pneumatic conveying, analysis was based on numerical solutions performed with the 
Euler method and the Fluent program (Wydrych et al., 2010). The Euler-Euler method was applied 
where the discrete phase was included as a substitute continuous medium penetrating the gaseous 
phase. Substitution of the diluted phase by the continuous medium causes that it is necessary to 
determine properties of this medium similarly like in the case of real continuous media. For such 
medium defined as granular, temperature, pressure and granular viscosity are calculated. Procedure of 
determination of these properties is presented in this paper. 

General mass and momentum conservation laws are the same as equations for one-phase 
flows and they are also valid for multiphase flows. In order to include two or more phases in 
the control areas, a concentration measure of single phases in the mixture. This measure is the 
volume fraction which in the balanced volume is defined as:  
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where Xk(r) takes the value 1 or 0 depending on that if the differential volume dV of the 
coordinate r contains the phase „k” or not (Dodds et al., 2011). According to the rules of 
fraction summation after all the occurring phases “n”, the following equality is valid:  
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The efficient density of phase  „k” is described by:  

 kkk ραρ =ˆ  (11) 

In the case of simulation of multiphase gas-solid flows while fluidization, the 
heterogeneous Euler-Euler model (the Euler model) is applied. In this model, separate 
equations are formulated for each phase, and in the control areas their averaged properties are 
taken into account. In the case of the Euler model, the equations of mass and momentum 
conservation are similar to the equations for the uniaxial model. In the assumed Euler method, 
the disintegrated material is included as the substitute granular continuous medium 
penetrating the gaseous phase. If there is no mass exchange between the considered phases, 
the equation of motion and continuity for phase “k” are (Hidayat et al., 2005): 
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The tensor kT  is described by : 
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The superscript T concerns transposition of the velocity gradient tensor. The vector sF  
including the forces generated by contacts of solid particles concerns only the balance of 
momentum for the disintegrated „granular” solid phase, and for fluids it is equal to zero. This 
component includes the results of interactions between particles, means solid phase viscosity, 
and shear stresses for the solid particle kkSµ2 . Similarly like in the case of fluids, the granular 
absolute viscosity kµ  and volumetric viscosity  kλ  are included. A value of the vector sF  for 
the disintegrated solid phase, understood as a semi-continuous fluid is calculated in a similar 
way as for influence of the stresses occurring in liquid phases, i.e. from (Hidayat et al., 2005): 

 ( )IpSF kkks −⋅∇= µ2  (15) 

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

 ( )kkk uuKF −=  (16) 

The coefficient kK  can be written in the following general form:  
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Time of dynamic relaxation of the particle can be written as:  
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The coefficient of interfacial momentum exchange kK  in the Gidaspow model, assumed 
while tests, can be written as (Wydrych el al., 2010): 

• for a volume fraction of the continuous phase 8,0>α  
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where coefficient CD is expressed by the relationship (Spedding et al., 2007): 
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• for a volume fraction of the continuous phase  8,0≤α  
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The Reynolds number is expressed as  
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In multiphase flows of disintegrated particles, granular pressures are determined 
independently for each disintegrated phase. Next they are applied for determination of the 
pressure gradient in the equations of motion. In order to determine granular pressures and 
granular viscosities it is necessary to introduce granular temperatures into the model. Granular 
pressure  can be expressed as: 
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Coefficient kkg0  can be described by : 
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Granular temperature is proportional to kinetic energy of fluctuation of solid particle 
motion and the equation of transport coming from the kinetic theory where granular 
temperature of phase „k” is proportional to kinetic energy of the random motion of particles 
can be expressed as:  
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where ( ) kkk uTIp ∇+− :  is energy generated by the stress tensor for the solid particle, ( )kk
k Θ∇Θ  

is energy diffusion and the diffusion coefficient 
k

kΘ  is dependent on granular temperature and 

it is expressed as:  
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The coefficient of energy dissipation while particle collisions is expressed by:  
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Energy transfer during random fluctuations of velocities of particles of phase „k” to the gas 
or other disintegrated phases can be written in the following form:  

 kkk K Θφ 3−=  (28) 

Neglecting convection and diffusion, it is possible to use the algebraic relationship for 
determination of granular temperature.  

In equations of motion of the phase „k” there is the coefficient of volume viscosity kλ , 
including resistance of the disintegrated phase against compression and expansion, which is 
determined from:  
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The coefficient of absolute viscosity kµ , calculated from:  

 frkkinkcolkk ,,, µµµµ ++=  (30) 

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

• in the control area for all the phases the same pressure is valid, 
• the equations of continuity and motion are formulated for each phase, 
• in the case of the disintegrated phase the following parameters are introduced: 
− granular temperature calculated for each disintegrated phase with use of algebraic 

relationships, 
− coefficients of granular absolute and volume viscosities obtained with kinetic theory 

similar to kinetic theory for gases. 
 
THE  RESULTS  OF  NUMERICAL  SIMULATION 

An attempt of qualitative and quantitative assessment of the simulation results obtained 
with two methods was performed for flow system of the inlet interval before the separator. In 
order to make calculations the continuous flow systems were replaced by the calculation areas 
including non-structural calculation networks. The network includes 372846 calculation 
elements of volumes 5.59⋅10-6÷1.88⋅10-4 m3. Fig. 1 shows the tested systems, i.e. the elbow 
located before the four-path separator. The figure presents discretization of the tested areas to 
the calculation networks. 

 

Fig. 2. Discretization of the calculation area 

The FLUENT program was applied for numerical calculations. It allows to solve the 
systems of equations of mass transport, gas momentum and the solid phase completed with 
the turbulence model equations. Calculations were made according to the Euler-Lagrange 
method (the EL method) and the Euler-Euler method (the EE method). Moreover calculations 



were made with use Euler-Lagrange method completed by particle turbulence effect and 
particle shape effect (the ELpl method). 

Disintegrated coal particles for diameters dk: 15, 90, 125, 200µm were tested. Calculations 
were realized for a stationary flow with interfacial coupling, and at the inlet to the calculation 
area stationary velocity distributions of the gaseous phase were assumed. The inlet velocity 
was at level 30m/s. The presented results concern only the inlet to the system together with 
the tested elbow, and the separator was not taken into account. 

Fig.3 presents distributions of the gas velocity modulus and pressure obtained with the EE 
method – a), b), the EL method – c), d) and the ELpl method – e), f). Analysis of velocity 
distributions in the tested system gives information about positions of zones of the increased 
and decreased velocities. The velocity increase takes place along the internal sides of the 
elbows. The decreased velocity zone can cause accumulation of solid particles in its volume. 

 
 

2.5 a) 47.1m/s 

 
 

101511 b) 102795Pa 

 
 

0.0 c) 40.2m/s 

 
 

101430 d) 102317Pa 

 
 

0.0 e) 40.0m/s 

 
 

101452 f) 102425Pa 

Fig. 3. The velocity and pressure fields obtained with the methods a), b) – EE, c), d) – EL and e), f) – ELpl 



In the case of the Euler-Lagrange model, when convergence of the velocity field solution 
is obtained and presence of solid particles and coupling between the phases are taken into 
account, trajectories of motion of the coal dust particles of density 1300kg/m3 are calculated. 
Fig.4 shows the results of calculations of trajectories of the particles delivered to the system 
from the point inlets for the inlet velocity 30m/s obtained with the EL method – a), c), e), g) 
and the ELpl method – b), d), f), h). Different colours mark the particle residential time, for 
which maximum value is in a range 0.546÷0.556s. The figure presents the trajectories of the 
particles 15, 90, 125 and 200µm in diameters under vertical distribution of the point inlets of 
the supplying section. 

a)  b)  

c)  d)  

e)  f)  



g)  h)  

Fig. 4. Trajectories of the particles obtained with the methods a), ,c), e), g) – EL, and b), d), f), h) – EL 
for particles  a), b) - 15µm, c), d) - 90µm, e), f) - 125µm and g), h) - 200µm 

From analysis of the trajectories it appears that the particles of small diameters move along 
the paths corresponding to lines of the gaseous phase current, and the particles of big 
diameters often move along to the paths forming a “cord”, this is a reason of local increase of 
concentration (Bilirgen et al., 2001), (Borsuk et al., 2006), (Fokeer et al., 2004), (Schallert et 
al., 2000), (Wydrych, 2010), (Yilmaz et al., 2001). This effect can cause increase of non-
uniformity of the solid phase concentration behind the elbow and, in a consequence, worsen 
of the particle separation by the four-path separator.  

 
 

0.00304 a) 0.521 

 
 

0.0 b) 19.2 kg/m3 



 
 

0.0 b) 17.5 kg/m3 

Fig. 5. Distributions of concentration in vertical section obtained with methods a) - EE b) - EL, and c) - ELpl 

Analysis of the particle motion trajectories was used for coal dust concentration in the 
chosen sections. The results of calculations of concentration of the particles delivered to the 
system from the inlets were presented for all diameters of particle for the inlet velocity 30m/s. 
Fig.5 shows the results obtained with the EE method – a), the EL method – b) and the ELpl 
method – c). Method EE gives the results as a volume fraction but for both other unit is 
[kg/m3] 

From analysis of particle concentration distribution it appears that a change of the flow 
direction influences formation of big non-uniformities in rectilinear intervals after the elbows. 
The centrifugal force causes that thick dust fractions are rejected to the external surfaces of 
the arcs, and next they move as “the cords” of particles (Akilli et al., 2001), (Hidayat et al., 
2005). This effect is undesirable because of segregation of particles, it also causes excessive 
wear of surfaces of the installation elements in some areas (Abrahamson et al., 2002). From 
comparison of the results obtained with different methods it appears that the EL and ELpl 
models shows greater particle concentration at the less area than the EE model. This 
difference is a result of including collisions between the dust particles of all the phases into 
the EE model. In the EL and ELpl models it is neglected. 
 
COMPARATIVE  ANALYSIS  OF  THE  SIMULATION  AND  EXPERIMENTAL  
RESULTS 

The calculations performed with the Euler-Lagrange (EL, ELpl) and Euler-Euler (EE) 
methods allowed to determine distributions of the disintegrated phase in the outlet section 
after the tested elbow. In both methods, the uniform distribution of velocity distribution 30m/s 
was assumed for the inlet section. The assumed dust mass flow rate was calculated from 
global rate for inlet section 12.55kg/s and particle concentrations for each phases. In the EL 
and ELpl methods, the inlet section including 4824 points of particles the trajectories of 
19296 particles started. The particles starting their movement in the tested system passed 
through the elbow area and next they reached the outlet section located just before the four-
path separator. In the EE method, an uniform distribution of particle volume fraction at the 
level 0.9654% was assumed at the inlet section. The results of calculations of the solid phase 
concentration were recalculated into the units of the mass stream g/(cm2⋅s). 

Table 1 contains distributions of dust particles 15, 90, 125 and 200µm in diameters at the 
outlet after the elbow obtained with the EE, EL and ELpl methods. Maximum results in the 



table was truncated to 0.3% for EE method and to 1g/(cm2⋅s) for EE and EEpl methods. On 
the pictures presented in next part of article inner part of elbow is located on left side of 
circles. 

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



Table 1. Distributions of concentration for particles 15, 90, 125, 200µm in diameters and for all types of particle 
obtained with the EE, EL and ELpl methods 

 15 90 125 200 All 
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Measurements of the distributions of velocity and concentration of dust in the measuring 
section after the elbow were performed in order to determine the real flow conditions. The 
measurements were performed in the service conditions (Dobrowolski et al., 2004), (Parys, 
2000). The dust samples in the section before the separator were drawn with the device for 
isokinetic suction. Velocity and concentration distributions are similarly to obtained by other 
researchers (Barratt et al., 2000). 

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

In order to assess qualitative differences between the results obtained with different 
methods, introduction of a new quantity is suggested, namely the coefficient of variability of 
concentration distribution of the solid phase Vs. This coefficient was calculated according to 
the standard deviations of the local value of concentration related to the mean concentration 
(Wydrych, 2010) 
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where ci is the local concentration of the solid phase, c  is the mean concentration, and n is a 
size of the calculation points. Table 2 presents values of the variability coefficient for 
diameters 15, 90, 125, 200µm and all diameters obtained from calculations according to the 
EE, EL and ELpl methods. 



a)  b)  

c)  d)  

e)  f)  

Fig 6. Distributions of a) velocity in [m/s] and concentration in [g/s] for the particles b) all diameters, c) 15, d) 
90, e) 125 and f) 200µm obtained with experiment 

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

Veloc. 200 125 90 15 All 
EXP 0.085918 1.178525 0.881735 0.757624 0.481491 0.388447 
EE 0.06639 6.36805 5.555911 3.726732 0.04343 3.245496 
EL 0.101455 8.030895 5.705094 4.986083 1.073618 3.923967 

ELpl 0.083487 7.805772 5.66292 4.880973 0.841747 3.852774 
 

From analysis of characteristics of the variability coefficient it appears that in the case of 
all the tested particle diameters, the EE, EL and ELpl methods causes more non-uniformities 
in concentration distributions as compared with experiment (EXP). The particles of big 
diameters cause increase of non-uniformity, and this is a result of greater inertia. 

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



two variables can be described using a monotonic function. If there are no repeated data 
values, a perfect Spearman correlation of +1 or −1 occurs when each of the variables is a 
perfect monotone function of the other. The Spearman correlation coefficient is defined as the 
Pearson correlation coefficient between the ranked variables. For a sample of size n, the n raw 
scores Xi, Yi are converted to ranks xi, yi, and rxy is computed from these: 
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Table 3 presents possible ranges of correlation from no correlation to perfect correlation. Colors in 
table mean different level of correlation. This notation was used in next tables, in which are presented 
comparisons of the results. 

Table 3. Scale of rxy values 

Positive correlation Negative correlation Correlation level 
rxy = 0 rxy = 0 no correlation 

0 < rxy < 0,1 - 0,1 < rxy < 0 very weak positive/negative correlation 
0,1 <= rxy < 0,4 - 0,4 < rxy <= - 0,1 weak positive/negative correlation 
0,4 <= rxy < 0,7 - 0,7 < rxy <= - 0,4 moderate correlation 
0,7 <= rxy < 0,9 - 0,7 < rxy < = - 0,9 strong positive/negative correlation 

rxy >= 0,9 rxy <= - 0,9 very strong positive/negative correlation 
rxy = 1 rxy = -1 perfect positive/negative correlation 

 
Tables 4÷7 present coefficient of correlation for distribution of particle’s concentration for 

experiment, EE, EL and ELpl methods respectively. It is visible that for majority of the 
metods occurrence negative correlation of particles 15µm and bigger particles. This 
phenomenon is a result of filling volumes by large particles, which cause crowding-out effect 
for smaller particles. Respectively to works (Akilli et al., 2001), (Bilirgen et al., 2001), 
(Borsuk et al., 2006), (Fokeer et al., 2004), (Hidayat et al., 2005), (Schallert et al., 2000), 
(Wydrych, 2010), (Yilmaz et al., 2001) about forming a “cord”, authors suggest to introduce a 
new definition “anti-cord” or “anti-rope”. Meaning of this concept is lack of small particles 
in volumes filled by bigger one. This phenomenon is result of interparticle collisions, which 
stronger inflow on smaller particles, because their smaller inertia. 

Table 4. Coefficient of correlation for distribution of velocity and particle’s 
concentration for result of experiment  

predk 200 125 90 15 
All 15.80% 86.61% 92.40% 93.81% -35.95% 
15 46.03% -73.91% -68.48% -65.38% 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 distribution of velocity and particle’s 
concentration for result of EE method 

predk 200 125 90 15 
All -39.99% 99.88% 99.99% 99.98% -99.96% 
15 39.44% -99.92% -99.97% -99.90% 100.00% 
90 -39.75% 99.74% 99.95% 100.00% 
125 -40.19% 99.92% 100.00% 
200 -40.14% 100.00% 

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

predk 200 125 90 15 
All -21.61% 99.88% 99.99% 99.98% -99.96% 
15 14.75% -99.92% -99.97% -99.90% 100.00% 
90 -8.89% 92.01% 99.95% 100.00% 
125 -11.40% 90.74% 100.00% 
200 -4.67% 100.00% 

 
Tables 7÷9 present coefficient of mutual correlation for distribution of particle’s 

concentration compared results of experiment with EE, EL and ELpl methods respectively. It 
is visible that for particles 15µm from experiment occurrence negative correlation for bigger 
particles from calculations. This effect is similarly to phenomenon described for prior tables. 

Comparison last three tables let conclude that Euler-Euler method is the best to calculation 
of particle distribution in set with elbow. For both other introduction of additional 
mechanisms cause improvement results for ELpl method. Differences between EE and EL 
methods are result interparticle collisions included only in Euler-Euler method. Adding this 
mechanism to Euler-Lagrange methods may improve efficiency of particle’s concentration 
distribution estimation. 

Table 7. Coefficient of correlation for distribution of particle’s 
concentration compared results of experiment with EE method 

EXP/EE 15 90 125 200 All 
15 15.56% -11.98% -12.89% -14.33% -12.34% 
90 -81.62% 78.78% 79.40% 80.31% 79.03% 
125 -79.93% 77.15% 77.50% 78.02% 77.33% 
200 -66.28% 62.57% 62.92% 63.43% 62.77% 
All -93.44% 93.27% 93.27% 93.30% 93.32% 

Table 8. Coefficient of correlation for distribution of particle’s 
concentration compared results of experiment with EL method 

EXP/EL 15 90 125 200 All 
15 11.16% -21.57% -3.88% -2.76% -18.61% 
90 6.29% 77.47% 58.35% 54.29% 67.85% 
125 4.21% 77.80% 59.15% 53.70% 67.02% 
200 14.14% 72.05% 57.19% 51.18% 57.90% 
All 41.56% 81.32% 64.80% 58.92% 75.10% 

 



Table 9. Coefficient of correlation for distribution of particle’s 
concentration compared results of experiment with ELpl method 

EXP/ELpl 15 90 125 200 All 
15 15.75% -21.91% -14.77% 14.91% -21.66% 
90 28.68% 79.42% 70.45% 63.42% 69.69% 
125 25.76% 80.00% 70.19% 62.88% 68.13% 
200 23.57% 68.85% 66.74% 60.57% 58.63% 
All 14.87% 83.71% 74.36% 67.58% 79.44% 

 
CONCLUSIONS 

The performed investigations allow to formulate some important conclusions. From 
analysis of trajectories it appears that the particles of small diameters move along the paths 
corresponding to the lines of the gaseous phase current, and the particles of big diameters 
often move along the paths forming a “cord” – this is a reason of the local increase of 
concentration. 

The results obtained with the EL and ELpl methods for all diameters of particles prove the 
increased concentration of particles at the external side of the circle arc in relation to the 
results obtained with the EE method. The EE method gives more uniform results of 
concentration calculations for all the tested particle fractions. This difference is a result of 
including collisions between the dust particles in the EE model, omitted in the EL and ELpl 
models.  

The coefficient of variability of concentration distribution of the solid phase  Vs was 
proposed. Comparison of the variability coefficients allows to state that simulation using the 
Euler- Euler method gives the results closer to the test results. 

Coefficient of correlation was used in work for better recognition obtained distributions. 
Results show that for majority of the metods occurrence negative correlation of particles 15µm and 
bigger particles. This phenomenon is a result of filling volumes by large particles, which cause 
crowding-out effect for smaller particles. Authors suggest to introduce a new definition “anti-cord”. 

Comparison reciprocal correlation for distribution of particle’s concentration from 
experiment with EE, EL and ELpl methods shows that for particles 15µm from experiment 
occurrence negative correlation for bigger particles from calculations. 

Researches let conclude that Euler-Euler method is the best to calculation of particle 
distribution in set with elbow. Differences between EE and EL methods are result interparticle 
collisions included only in Euler-Euler method. Adding this mechanism to Euler-Lagrange 
methods may improve efficiency of particle’s concentration distribution estimation. 

The observed quantitative differences can result from the assumed simplifications and 
three-dimensionality of the flow in the tested system. It limits the applicability range of the 
methods used for the measurements of dust velocity and concentration. 

In such situations, the results obtained according to the Euler-Lagrange model are 
incorrect, and the error is a result of application of an incorrect method of calculations. In the 
case of volume fractions of solid particles in gas exceeding 12%, the Euler-Euler method (so-
called Euler methods) seems to be more useful, and this method can be recommended to the 
further investigations. 
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