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A two-dimensional stationary model of motion, heat and mass exchange, and chemical reaction of polydis-
perse coke and ash particles in ascending gas-suspension flow has been constructed with allowance for the
turbulent and pseudoturbulent mechanisms of transfer in the dispersed phase. The system of equations that de-
scribes motion and heat transfer in the solid phase has been closed at the level of the equations for the sec-
ond moments of velocity and temperature pulsations, whereas the momentum equations of the carrying
medium have been closed using the equation for turbulent gas energy, which allows for the influence of the
particles and heterogeneous reactions.
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Introduction. Development of the methods of mathematical modeling of transfer processes related to the
burning of polyfractional solid fuel in combustion chambers is of great practical interest. The main difficulties of con-
struction of this class of models are associated with the influence of polydispersity and turbulent and pseudoturbulent
(random motion of the dispersed phase due to interparticle collisions) transfer mechanisms on the processes of aerody-
namics, heat and mass exchange, and combustion in such devices. In [1], we have investigated the influence of the
effect of interparticle interaction on the parameters of physicochemical processes in the combustion of anthracite culm
in the ascending highly-concentrated polydisperse flow. It has been shown that the averaged interfractional-interaction
force contributes to the equalization of the velocities of large and small coke-ash particles, because of which the de-
gree of conversion of large fractions becomes noticeably lower. In [2–4], we have constructed a two-dimensional
model of the motion, heat exchange, and combustion of a polydisperse ensemble of coke and ash particles with allow-
ance for the turbulent and pseudoturbulent effects in the isotropic energy field of random motion of the solid phase. It
has been shown that the pulsation energy of the particles is much higher than the turbulent energy of the gas. The
dominant role of the pseudoturbulent mechanism of transfer in nonisothermal chemically reacting highly-concentrated
polydisperse flows has been inferred.

Formulation of the Problem. In the present work, we propose a mathematical model constructed with the
equations of transfer of the averaged and pulsation (velocity and temperature fluctuations) parameters of the dispersed
phase with allowance for the radiant and convective heat exchange, heterogeneous reactions, interphase- and interparti-
cle-interaction forces, and turbulent and pseudoturbulent effects for calculation of ascending axisymmetric nonisother-
mal flow of a polydisperse coke-ash mixture within the framework of the so-called two-liquid models (Eulerian
approximation). The equations of motion of the carrying medium are closed on the basis of a one-parameter turbulence
model generalized to the case of nonisothermal two-phase turbulent flows with chemical reaction.

In constructing the model, we start from the following simplifying prerequisities: 1) we consider the process
as stationary; 2) we consider a two-phase heterogeneous medium consisting of the carrying medium — nitrogen, oxy-
gen, and carbon dioxide — and the solid phase, which is presented in the form of two ensembles (coke+ash) of the
finite number of monodisperse fractions MC and Mash each); 3) the stoichiometric reaction scheme includes the hetero-

geneous reaction C + O2 = CO2 that proceeds on the exterior surface of impermeable spherical particles; 4) we use the
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boundary-layer approximation: v << u, u′ << u, v′ � v, and 
∂
∂z

 << 
∂
∂r

; 5) we disregard change in the gas pressure in the

cross section of the flow.
With allowance for what has been said above, a system of the averaged equations of mass, momentum, and

energy transfer in the two-phase medium in the approximation of a narrow channel has the following form:
1. The continuity equations for the components of the carrying medium are

∂ (CO2
ug)

∂z
 + 

∂ [r (CO2
vg + �CO2

′ vg
′ �)]

r∂r
 = − 6 ∑ 

j=1

MC LjSjβjCO2

(Lj + Sj) δj
 , (1)

∂ (CCO2
ug)

∂z
 + 

∂ [r (CCO2
vg + �CCO2

′ vg
′�)]

r∂r
 = 6 ∑ 

j=1

MC LjSjβjCO2

(Lj + Sj) δj
 , (2)

∂ (CN2
ug)

∂z
 + 

∂ [r (CN2
vg + �CN2

′ vg
′�)]

r∂r
 = 0 ,

(3)

where the subscript j = 1 − MC refers to the coke particles. The left-hand sides of (1)–(3) allow for the convective and
pulsation transfer of the substance in the axial and radial directions, whereas the right-hand sides allow for the influ-
ence of the heterogeneous reaction C + O2 = CO2. Summing Eqs. (1)–(3) premultiplied by the corresponding molecular
weights μCO2

, μO2
, and μN2

, we obtain the continuity equation for the gas mixture

∂ (ρgug)
∂z

 + 
∂ [r (ρgvg + �ρg

′ vg
′ �)]

r∂r
 = 6 ∑ 

j=1

MC (μCO2
 − μO2

) LjSjβjCO2

(Lj + Sj) δj
 .

(4)

2. For the reacting coke particles, we write two continuity equations (it is taken into account that the number
concentration of the particles nj is unaffected by combustion, i.e., remains constant)

∂ (βjupj)
∂z

 + 
∂ [r (βjvpj + �βj

′vpj
′ �)]

r∂r
 = − 

6μCLjSjβjCO2

(Lj + Sj) δjρC
 , (5)

∂ (njupj)
∂z

 + 
∂ [r (njvpj + �nj

′vpj
′ �)]

r∂r
 = 0 . (6)

The size of the coke particles δj = 
3

√⎯⎯6βj

πnj
 at each point of the flow is easily determined from the known values of

βj and nj.

3. The mass equation of the ash particles is

∂ (βlupl)
∂z

 + 
∂ [r (βlvpl + �βl

′vpl
′ �)]

r∂r
 = 0 ,

(7)

where the subscript l = 1 − Mash refers to the ash particles. Unlike expression (5), the right-hand side of Eq. (7) is
equal to zero, since the ash particles are not involved in combustion.
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4. The equations of momentum transfer of the phases are

ρgug 
∂ug

∂z
 + (ρgvg + �ρg

′ vg
′ �) 

∂ug

∂r
 = 

∂
r∂r

 
⎡
⎢
⎣
rρg 

⎛
⎜
⎝
ηg 

∂ug

∂r
 − �ug

′ vg
′ �
⎞
⎟
⎠

⎤
⎥
⎦
 − 

∂P

∂z
 −   ∑ 

i=1

MC+Mash

  Faiz 

+ 6 ∑ 
j=1

MC (μCO2
 − μO2

) LjSjβjCO2

(Lj + Sj) δj
 (upj − ug) , (8)

ρpi 
⎡
⎢
⎣
βiupi 

∂upi

∂z
 + (βivpi + �βi

′vpi
′ �) 

∂upi

∂r

⎤
⎥
⎦
 = − 

ρpi
r

 
∂ (βir �upi

′ vpi
′ �)

∂r
 + Faiz + Fcoliz − ρpiβig , (9)

ρpi 
⎡
⎢
⎣
βiupi 

∂vpi

∂z
 + (βivpi + �βi

′vpi
′ �) 

∂vpi

∂r

⎤
⎥
⎦
 = − 

ρpi
r

 
∂ [r (vpi �βi

′vpi
′ � + βi �vpi

′2�)]
∂r

 + Fair + Fcolir + 
ρpiβi �wpi

′2�
r

 , (10)

where the subscript i is equal to j and l. On the right-hand side of the equation of motion of the gas (8) are the vis-
cous and Reynolds stresses, the pressure gradient, the inverse influence of particles on the gas, and the reaction force
occurring on passage of the burnt carbon into the gaseous phase. Turbulent stresses, gravity, the interphase- and inter-
particle-interaction forces Fcoli [3], and the centrifugal force due to the transverse pulsations of the particle velocity are
allowed for in (9) and (10).

5. The equation of transfer of the turbulent gas energy is

ρgug 
∂kg

∂z
 + (ρgvg + �ρg

′ vg
′�) 

∂kg

∂r
 = 

∂
r∂r

 
⎡
⎢
⎣
rρg 

⎛
⎜
⎝

ηt,g

σk
 + ηg

⎞
⎟
⎠
 
∂kg

∂r

⎤
⎥
⎦
 + ρgηt,g 

⎛
⎜
⎝

∂ug

∂r

⎞
⎟
⎠

2

 

− ρg (εg + ∑ 
i=1

MC + Mash

εpi) + ∑ 
i=1

MC + Mash

Ggi − 6 ∑ 
j=1

MC (μCO2
 − μO2

) LjSjβjCO2

(Lj + Sj) δj
 (2kg − �upj

′ ug
′ � − �vpj

′ vg
′� − �wpj

′ wg
′ �) , (11)

where the double correlations �upj′ ug′ �, �vpj′ vg′ �, and �wpj′ wg′ � are determined according to [5]. On the right-hand side of
(11), the first term describes the molecular and turbulent transfer of pulsation energy, the second term describes its
generation due to the energy of the averaged motion, the third term describes its dissipation due to the viscosity of the
gaseous phase and the particles present in it, the fourth term describes the generation of turbulent energy in the wakes
of the particles, and the last term describes the consumption of the turbulent gas energy by the new substance.

6. The energy equations of the phases are

cgρgug 
∂tg

∂z
 + cg (ρgvg + �ρg

′ vg
′�) 

∂tg

∂r
 = 

∂

r∂r
 
⎡
⎢
⎣
rcgρg 

⎛
⎜
⎝

ηg

Prg

 
∂tg

∂r
 − �tg′vg

′ �
⎞
⎟
⎠

⎤
⎥
⎦
 + 10

−3
 ug 

∂P

∂z
 

+ 10
−3

    ∑ 
i=1

MC+Mash

  Faiz (ug − upi) +    ∑ 
i=1

MC+Mash

  αΣi (tpi − tg) 
6βi

δi

 + 6 ∑ 
j=1

MC (μCO2
 − μO2

) LjSjβjCO2

(Lj + Sj) δj

 

× 
⎡
⎢
⎣
cpjtpj − cgtg + 

0.5 (ug − upj)
2

10
3

⎤
⎥
⎦
 + 10

−3
 ρgηt,g 

⎛
⎜
⎝

∂ug

∂r

⎞
⎟
⎠

2

 , (12)
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cpiβiupi 
∂tpi

∂z
 + cpi (βivpi + �βi

′vpj
′ �) 

∂tpi

∂r
 = − 

∂ (rβicpi �tpi
′ vpj
′ �)

rdr
 − αΣi (tpi − tg) 

6βi

δiρpi
 + 

6ωiLiSiβiCO2
Qi

(Li + Si) δiρpi
 , (13)

where ωj = 1 and ωl = 0. The molecular and turbulent transfer of the gas flow, the work of Reynolds stresses and
pressure and interphase-interaction forces, the radiant and convective heat exchange between the gas and the particles,
and the excess of the enthalpy and the deficiency of the kinetic energy of the part of the substance of coke particles
that passes into the gas due to the heterogeneous reaction are allowed for in (12). In (13) are terms allowing for the
pulsation heat transfer in the solid phase, heat transfer between the carrying medium and the dispersed phase, and heat
release due to the heterogeneous chemical reaction. Integration of (4) over the reactor cross section yields

dBg

dz
 = 12π ∫ 

0

R

 ∑ 
j=1

MC (μCO2
 − μO2

) LjSjβjCO2

(Lj + Sj) δj
 rdr . (14)

The correlations of second order �βi′vpj′ �, �ρg′ vg′ �, �upi′ vpi′ �, �Cχ′ vg′ �, �tg′ vg′ �, �nj′vpj′ �, and �ug′ vg′ � appearing in Eqs. (1)–
(13) are computed on the basis of gradient representations

�βi
′vpi
′ � = − Jpi 

∂βi

∂r
 ,   �ρg

′ vg
′ � = − Jg 

∂ρg

∂r
 ,   �upi

′ vpi
′ � = − ηt,pi 

∂upi

∂r
 ,   �Cχ′vg

′ � = − Jg 
∂Cχ
∂r

 ,

�tg′vg
′ � = − 

ηt,g

Prt,g
 
∂tg
∂r

 ,   �ug
′ vg
′ � = − ηt,g 

∂ug

∂r
 ,   �nj

′vpj
′ � = − Jpj 

∂nj

∂r
 ,

and the gas density ρg is calculated from the formula

ρg = 
10

−3
P

(tg + 273) H ∑ 
χ=1

3
Zχ
μχ

 ,

where the subscripts χ = 1–3 refer to O2, CO2, and N2. To close the system of equations (1)–(14) we must determine
the unknown second moments �vpi′

2
�, �wpi′ wpi′ �, and �tpi′ vpi′ � appearing in Eqs. (10) and (13), which in turn are depend-

ent on the Reynolds stresses �wpi′ vpi′ �, �upi′
2
�, and �tpi′ wpi′ �. To compute the above variables we use the developed com-

putational procedure based on construction of the equations of transfer of the correlations sought [6, 7]. With this
procedure, in the approximation of a narrow channel, we obtain a closed system of equations of momentum and heat
transfer in the dispersed phase at the level of equations for the second moments of pulsations of particle velocity and
temperature.

7. The equation of transfer of the normal Reynolds stress �vpi
′2� is

βiupi 
∂ �vpi

′2�

∂z
 + (βivpi + �βi

′vpi
′ �) 

∂ �vpi
′2�

∂r
 = 

∂

r∂r
 
⎛
⎜
⎝
rτiβi �vpi

′2� 
∂ �vpi

′2�

∂r

⎞
⎟
⎠
 

− 
2∂ (τiβi �wpi

′ vpi
′ �2)

r∂r
 − 2βi �vpi

′ vpi
′ � 

∂vpi

∂r
 − 

2τiβi �vpi
′ vpi

′ �

3r
 
∂ �wpi

′2�

∂r
 

− 
4βiτi �wpi

′ vpi
′ �

3r
 
∂ �wpi

′ vpi
′ �

∂r
 + 

4βiτi �wpi
′2�2

3r
2  − 

4τiβi �vpi
′2� �wpi

′2�

3r
2  − 

4βiτi �wpi
′ vpi

′ �2

3r
2  
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+ 
2βi (�vpi

′ vg
′ � − �vpi

′2�)

τi

 + 2 

⎧

⎨

⎩

⎪
⎪
⎪
⎪

⎡
⎢
⎣

1 − Kn

2
 − 

1 − Kτ
7

⎤
⎥
⎦

2

 δm
2 βi

6912βm
2  

⎛
⎜
⎝

∂upi

∂r

⎞
⎟
⎠

2

 NΣi,i 

+     ∑ 
i=1
y≠i

MC+Mash

    

⎛
⎜
⎝
1 − Kn − 

2 (1 − Kτ)
7

⎞
⎟
⎠

2

 ⏐upy − upi⏐
2
 βimy

2
NΣy,i

24 (my + mi)
2  

−     ∑ 
i=1

MC+Mash

  U1 

⎡
⎢
⎣
1 − 

⎛
⎜
⎝

1 − Kn

2
 − 

1 − Kτ
7

⎞
⎟
⎠

2
⎤
⎥
⎦
 �⏐V′py,i⏐�

2
 βimy

2
NΣy,i

3 (my + mi)
2

⎫

⎬

⎭

⎪
⎪
⎪
⎪
 ,   Kn < 0 ,

(15)

where y = 1 − MC + Mash, �⏐Vpy,i′ ⏐�2 is the mean relative velocity squared of y and i particles in random motion [8],
and NΣi,i and NΣy,i are the total frequencies of collisions of mono- and polydisperse particles, which involve collisions
due to the difference of the averaged axial velocities of the particles [3, 8] and their random motion [8].

8. The equation of transfer of the second moment �wpi
′2� is

βiupi 
∂ �wpi

′2�

∂z
 + (βivpi + �βi

′vpi
′ �) 

∂ �wpi
′2�

∂r
 = 

∂

3r∂r
 
⎛
⎜
⎝
rτiβi �vpi

′2� 
∂ �wpi

′2�

∂r

⎞
⎟
⎠
 

+ 
2∂

3r∂r
 
⎛
⎜
⎝
rτiβi �wpi

′ vpi
′ � 

∂ �wpi
′ vpi

′ �

∂r

⎞
⎟
⎠
 − 

2∂ (τiβi �wpi
′2�2)

3r∂r
 + 

2∂ (τiβi �vpi
′2� �wpi

′2�)

3r∂r
 

+ 
2∂ (τiβi �wpi

′ vpi
′ �2)

3r∂r
 − 

2βivpi �wpi
′2�

r
 + 

2τiβi �vpi
′2� ∂ �wpi

′2�

3r∂r
 

+ 
4τiβi �wpi

′ vpi
′ � ∂ �wpi

′ vpi
′ �

3r∂r
 − 

4τiβi �wpi
′2�2

3r
2  + 

4τiβi �vpi
′2� �wpi

′2�

3r
2  + 

4τiβi �wpi
′ vpi

′ �2

3r
2  

+ 
2βi

τi

 (�wpi
′ wg

′ � − �wpi
′2�) + 2 

⎧

⎨

⎩

⎪
⎪
⎪
⎪

⎡
⎢
⎣

1 − Kn
2

 − 
1 − Kτ

7

⎤
⎥
⎦

2

 δm
2 βi

6912βm
2  

⎛
⎜
⎝

∂upi

∂r

⎞
⎟
⎠

2

 NΣi,i 

+     ∑ 
i=1
y≠i

MC+Mash

    

⎛
⎜
⎝
1 − Kn − 

2 (1 − Kτ)
7

⎞
⎟
⎠

2

 ⏐upy − upi⏐
2
 βimy

2
NΣy,i

24 (my + mi)
2  
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−     ∑ 
i=1

MC+Mash

  U2 

⎡
⎢
⎣
1 − 

⎛
⎜
⎝

1 − Kn

2
 − 

1 − Kτ
7

⎞
⎟
⎠

2
⎤
⎥
⎦
 �⏐V′py,i⏐�

2
 βimy

2
NΣy,i

3 (my + mi)
2

⎫

⎬

⎭

⎪
⎪
⎪
⎪
 .

(16)

9. The equation of transfer of the tangential Reynolds stress �wpi
′ vpi

′ � is

βiupi 
∂ �wpi

′ vpi
′ �

∂z
 + (βivpi + �βi

′vpi
′ �) 

∂ �wpi
′ vpi

′ �

∂r
 = 

2∂

3r∂r
 
⎛
⎜
⎝
βirτi �vpi

′2� 
∂ �wpi

′ vpi
′ �

∂r

⎞
⎟
⎠
 

− βi �wpi
′ vpi

′ � 
∂vpi

∂r
 + 

2∂ (βiτi �vpi
′2� �wpi

′ vpi
′ �)

3r∂r
 + 

∂

3r∂r
 
⎛
⎜
⎝
rβiτi �wpi

′ vpi
′ � 

∂ �vpi
′2�

∂r

⎞
⎟
⎠
 

− 
4∂ (βiτi �wpi

′ vpi
′ � �wpi

′2�)

3r∂r
 − 

βiτi �wpi
′ vpi

′ �

r
 
∂ �wpi

′2�

∂r
 − 

10βiτi �wpi
′ vpi

′ � �wpi
′2�

3r
2  

− 
βivpi �wpi

′ vpi
′ �

r
 + 

2τiβi �vpi
′2�

3r
 
∂ �wpi

′ vpi
′ �

∂r
 + 

2βiτi �vpi
′2� �wpi

′ vpi
′ �

3r
2  

+ 
βiτi �wpi

′ vpi
′ �

3r
 
∂ �vpi

′2�

∂r
 + 

βi (�vg
′wpi

′ � + �vpi
′ wg

′� − 2 �wpi
′ vpi

′ �)

τi

 .
(17)

10. The equation for the axial component of the pulsation particle energy �upi
′2� is

βiupi 
∂ �upi

′2�

∂z
 + (βivpi + �βi

′vpi
′ �) 

∂ �upi
′2�

∂r
 = 

∂

3r∂r
 
⎛
⎜
⎝
βirτi �vpi

′2� 
∂ �upi

′2�

∂r

⎞
⎟
⎠
 

+ 2βiτi �vpi
′2� 

⎛
⎜
⎝

∂upi

∂r

⎞
⎟
⎠

2

 + 
2βi

τi

 (�upi
′ ug

′� − �upi
′2�) + 2 

⎧

⎨

⎩

⎪
⎪
⎪
⎪

⎡
⎢
⎣

1 − Kn
2

 − 
1 − Kτ

7

⎤
⎥
⎦

2

 δm
2 βi

6912βm
2  

⎛
⎜
⎝

∂upi

∂r

⎞
⎟
⎠

2

 NΣi,i 

+     ∑ 
i=1
y≠i

MC+Mash

    

⎛
⎜
⎝
1 − Kn − 

2 (1 − Kτ)
7

⎞
⎟
⎠

2

 ⏐upy − upi⏐
2
 βimy

2
NΣy,i

24 (my + mi)
2  

−     ∑ 
i=1

MC+Mash

  U3 

⎡
⎢
⎣
1 − 

⎛
⎜
⎝

1 − Kn

2
 − 

1 − Kτ
7

⎞
⎟
⎠

2
⎤
⎥
⎦
 �⏐Vpy,i

′ ⏐�2
 βimy

2
NΣy,i

3 (my + mi)
2

⎫

⎬

⎭

⎪
⎪
⎪
⎪
 . (18)
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In the present work, we consider two approaches to determination of the correlation of second order �tpi
′ vpi

′ �,

which are based on the use of the gradient representations �tpi
′ vpi

′ � = −
ηt,pi

Prt,pi
 
∂tpi

∂r
 and the equations of transfer of sec-

ond moments.
11. The equation of transfer of the correlation �tpi

′ vpi
′ � is

βiupi 
∂ �tpi

′ vpi
′ �

∂z
 + (βivpi + �βi′ vpi

′ �) 
∂ �tpi

′ vpi
′ �

∂r
 = 

∂

r∂r
 
⎛
⎜
⎝

βir �vpi
′2�

ψ1i

 
∂ �tpi

′ vpi
′ �

∂r

⎞
⎟
⎠
 

+ 
∂

2r∂r
 
⎛
⎜
⎝

βir �tpi
′ vpi
′ �

ψ1i

 
∂ �vpi

′2�

∂r

⎞
⎟
⎠
 − 

2∂

r∂r
 
⎛
⎜
⎝

βi �wpi
′ vpi

′ � �tpi
′ wpi

′ �

ψ1i

⎞
⎟
⎠
 − 

βi �vpi
′2� ∂tpi

∂r
 

− 
βi �tpi

′ vpi
′ � ∂vpi

∂r
 − 

βi �wpi
′ vpi

′ � ∂ �tpi
′ wpi

′ �

ψ1ir∂r
 − 

βi �tpi
′ vpi
′ � ∂ �wpi

′2�

2ψ1ir∂r
 

− 
βi �wpi

′ vpi
′ � �tpi

′ wpi
′ �

ψ1ir
2  − 

βi �tpi
′ vpi
′ � �wpi

′2�

ψ1ir
2  + 

βi (�tpi
′ vg
′� − �tpi

′ vpi
′ �)

τi

 

+ 
6βiαΣi (�tg′vpi

′ � − �tpi
′ vpi
′ �)

ρpicpiδi

 ,     ψ1i = 
3αΣi

ρpicpiδi

 + 
1

τi

 . (19)

12. The equation of transfer of the correlation �tpi
′ wpi

′ � is

βiupi 
∂ �tpi

′ wpi
′ �

∂z
 + (βivpi + �βi

′vpi
′ �) 

∂ �tpi
′ wpi

′ �

∂r
 = 

∂

r∂r
 
⎛
⎜
⎝

βir �vpi
′2�

ψ2i

 
∂ �tpi

′ wpi
′ �

∂r

⎞
⎟
⎠
 

+ 
∂

r∂r
 
⎛
⎜
⎝

βir �tpi
′ vpi
′ �

ψ2i

 
∂ �wpi

′ vpi
′ �

∂r

⎞
⎟
⎠
 + 

∂

r∂r
 
⎛
⎜
⎝

βi �tpi
′ vpi
′ � �wpi

′ vpi
′ �

ψ2i

⎞
⎟
⎠
 

+ 
∂

r∂r
 
⎛
⎜
⎝

βir �wpi
′ vpi

′ �

ψ2i

 
∂ �tpi

′ vpi
′ �

∂r

⎞
⎟
⎠
 − 

2∂

r∂r
 
⎛
⎜
⎝

βi �tpi
′ wpi

′ � �wpi
′2�

ψ2i

⎞
⎟
⎠
 

+ 
∂

r∂r
 
⎛
⎜
⎝

βi �vpi
′2� �tpi

′ wpi
′ �

ψ2i

⎞
⎟
⎠
 − 

βi �wpi
′ vpi

′ � ∂tpi

∂r
 − 

βivpi �tpi
′ wpi

′ �

r
 + 

βi �vpi
′2�

ψ2i
 
∂ �tpi

′ wpi
′ �

r∂r
 

+ 
βi �tpi

′ vpi
′ �

ψ2i

 
∂ �wpi

′ vpi
′ �

r∂r
 + 

βi �tpi
′ vpi
′ � �wpi

′ vpi
′ �

ψ2ir
2  + 

βi �wpi
′ vpi

′ �

ψ2i

 
∂ �tpi

′ vpi
′ �

r∂r
 

− 
2βi �wpi

′2� �tpi
′ wpi

′ �

ψ2ir
2  + 

βi �vpi
′2� �tpi

′ wpi
′ �

ψ2ir
2  + 

βi (�tpi
′ wg

′� − �tpi
′ wpi

′ �)
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+ 
6βiαΣi (�tg′wpi

′ � − �tpi
′ wpi

′ �)

ρpicpiδi

 ,   ψ2i = 
6αΣi

ρpicpiδi

 + 
2

τi

 . (20)

The mixed correlation moments �vg
′wpi

′ �, �vpi
′ wg

′ �, �tg′ vpi
′ �, �tpi

′ vg
′ �, �tpi

′ wg
′ �, and �tg′wpi

′ � present in Eqs. (17),
(19), and (20) are determined in terms of the correlations of the carrying flow in a locally homogeneous approximation
in accordance with the recommendations of [5]. In Eqs. (15), (16), and (18) are additional terms of nonturbulent origin
(the last three terms of the equations) that describe the generation and dissipation of turbulent energy, caused by inter-
particle collisions due to the averaged and pulsation particle motion. As has been noted in [3, 8], these terms cannot
be computed by the traditional methods of turbulence theory, since pulsations related to interparticle interactions are
mainly dependent on the random position of a unit vector directed along the line of impact. Therefore, a specially de-
veloped computational procedure based on an analysis of the dynamics of the process of collisions was used to deter-
mine these terms [3, 8].

Boundary Conditions and Computational Algorithm. Boundary conditions for Eqs. (1)–(13) and (15)–(20)
on the flow axis are specified for reasons of symmetry (r = 0)

∂Cχ
∂r

 = 
∂ug

∂r
 = 

∂kg

∂r
 = 

∂βi

∂r
 = 

∂nj

∂r
 = vg = vpi = 0 ,

∂upi

∂r
 = 

∂ �vpi
′ vpi

′ �

∂r
 = 

∂ �wpi
′ wpi

′ �
∂r

 = 
∂ �upi

′ upi
′ �

∂r
 = 

∂ �wpi
′ vpi

′ �
∂r

 = 0 ,

∂tg
∂r

 = 
∂tpi

∂r
 = 

∂ �tpi
′ vpi
′ �

∂r
 = 

∂ �tpi
′ wpi

′ �

∂r
 = 0 ,

(21)

on the channel wall (r = R), they are specified by the relations

vpi = ug = kg = 
∂βi

∂r
 = 

∂nj

∂r
 = 

∂Cχ
∂r

 = 0 ,   upi = 
δi

24√⎯⎯2  βi (1 − Kτ)
 
⎛
⎜
⎝

∂upi

∂r

⎞
⎟
⎠
 (7Kn − 2Kτ − 5) ,

�vpi
′ vpi

′ � = 
Knδi

12√⎯⎯2  βi (1 + Kn)
 
⎛
⎜
⎝

∂ �vpi
′ vpi

′ �

∂r

⎞
⎟
⎠
 ,   �wpi

′ wpi
′ � = 

⎡
⎢
⎣
Kn − 

(5 + 2Kτ)
2

49

⎤
⎥
⎦
 δi

12√⎯⎯2  βi 
⎡
⎢
⎣
1 − 

(5 + 2Kτ)
2

49

⎤
⎥
⎦

 
⎛
⎜
⎝

∂ �wpi
′ wpi

′ �
∂r

⎞
⎟
⎠
 ,

∂tpi

∂r
 = 

∂ �tpi
′ vpi
′ �

∂r
 = 

∂ �tpi
′ wpi

′ �

∂r
 = 0 ,  �wpi

′ vpi
′ � = 

Kn (6 + Kτ) δi

6√⎯⎯2 βi [7 + Kn (5 + 2Kτ)]
 
⎛
⎜
⎝

∂ �wpi
′ vpi

′ �

∂r

⎞
⎟
⎠
 ,

�upi
′ upi

′ � = 

⎡
⎢
⎣

(5 + 2Kτ)
2

49
 − Kn

⎤
⎥
⎦
 δi

12√⎯⎯2 βi 
⎡
⎢
⎣

(5 + 2Kτ)
2

49
 − 1

⎤
⎥
⎦

 
⎛
⎜
⎝

∂ �upi
′ upi

′ �

∂r

⎞
⎟
⎠
 ,   tg = tw .

(22)

Thus, we have obtained two closed systems of Eqs. (1)–(18) (first case) and (1)–(20) (second case) that differ
in the manner in which Eq. (13) is closed. In the first case we use the Boussinesq hypothesis to determine �tpi

′ vpi
′ �,

whereas in the second case we use the equations of transfer of second moments (19) and (20). The complete system
of Eqs. (1)–(20) with boundary conditions (21) and (22) contains equations of three types. The parabolic equations
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(1)–(3), (5)–(9), (11)–(13) (first case), and (15)–(20) and the hyperbolic equations (10) and (13) (second case) were in-
tegrated by the method of direct and reverse marchings on a nonuniform grid bunching at the channel wall. To solve
the parabolic equations we used the iteration method, whereas no iterations were required for the equations of first
order. The continuity equation of the carrying medium (4) from which the radial gas velocity is determined was ap-
proximated by the implicit four-point scheme. On the basis of the described algorithms, we developed two programs
using which the aerodynamics, heat and mass exchange, and combustion of a polydisperse ensemble of coke-ash par-
ticles of anthracite culm in an axisymmetric channel were numerically investigated.

Certain Calculation Results. Let us discuss results of calculations of four variants with the following initial
data. Variant I: ug,m0 = 10 m ⁄ sec, ZO20 = 0.1, R = 0.1 m, δC01 = 0.15⋅10−3 m, δC02 = 0.35⋅10−3 m, δC03 =
0.25⋅10−3 m, δC04 = 0.45⋅10−3 m, δash = 0.3⋅10−3 m, βC01 = βC02 = βC03 = βC04 = 0.0001, βash = 0.0006, and Bg0 =
362 kg ⁄ h (first case); II: ug,m0 = 10 m ⁄ sec, ZO20 = 0.1, R = 0.9 m, δC01 = 0.2⋅10−3 m, δC02 = 0.3⋅10−3 m, δC03 =
0.4⋅10−3 m, δash = 0.15⋅10−3 m, βC01 = βC02 = βC03 = 0.0001, βash = 0.0008, and Bg0 = 29,210 kg ⁄ h (first case); III:
the values of the quantities ug,m0, ZO20, R, δi, βi, and Bg0 are the same as those in variant II, βash = 0.00035 (first
case); IV: ug,m0 = 16 m ⁄ sec, ZO20 = 0.12, R = 0.1 m, δC01 = 0.15⋅10−3 m, δC02 = 0.25⋅10−3 m, δC03 = 0.35⋅10−3 m,
δash = 0.15⋅10−3 m, βC01 = βC02 = βC03 = 0.0001, βash = 0.00075, and Bg0 = 574 kg ⁄ h (second case). In all variants,
we have ρC = 1300 kg ⁄ m3, ρash = 1800 kg ⁄ m3, tpi0 = tg0 = 900oC, and tw = 800oC. The calculated material is illus-
trated in Figs. 1–9 where the profiles of the averaged and pulsation characteristics of the nonisothermal gas-dispersed
flow are presented. Figure 1 shows the calculated values of the averaged longitudinal gas velocity (curve 1). It is note-
worthy that the maximum of the ug(r) profile is in the peripheral region. The reason is as follows. In much of the
reactor cross section (except for the wall zone) where the particle velocity vpi is negative (Fig. 2), the radial motion
of the dispersed phase is directed to the flow axis because of which the maximum of the function βi(r) is formed at
the axis and the minimum is formed in the peripheral zone (Fig. 1, curves 3, 5, 7, 9, and 11). This trend of variation
in the βi(r) plot leads to the fact that the axial component of the aerodynamic force in the axial zone becomes larger
than that in the peripheral zone. Therefore, the gas velocity decreases at the axis and grows in the wall region.

Fig. 1. Distribution of the averaged axial velocities of phases and the volume
concentrations of particles over the reactor cross section at the mark z = 6 m
for variant I: 1) ug, 2) uC1, 3) βC1, 4) uC3, 5) βC3, 6) uC2, 7) βC2, 8) uash, 9)
βash, 10) uC4, and 11) βC4.

Fig. 2. Distribution of the averaged radial velocities of coke particles of di-
ameter δC0:  1)  0 .15⋅10−3 m, 2) 0.25⋅10−3 m, 3) 0.35⋅10−3 m,  and 4)
0.45⋅10−3 m, and of ash particles 5) δash = 0.3⋅10−3 m over the reactor cross
section at the mark z = 6 m for variant I.
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Figures 3 and 4 give the profiles of turbulent energy of the gas and components of the pulsation energy of

particles. It is seen that the energy of random motion of the dispersed phase kpi = 0.5(�vpi
′2� + �wpi

′2� + �upi
′2�) is much

higher than the pulsation energy of the carrying medium kg. This is due to the dissipation of the quantity kg, caused

by the presence of the particles in the gas and by the expenditure of the turbulent energy of the gas mixture on in-
volving carbon dioxide in pulsatory motion (see (11)). The latter is formed by the heterogeneous reaction C + O2 =

CO2. We should note another important feature of the process in question. In the peripheral zone, the components of

the pulsation energy of small coke particles δC01 = 0.15⋅10−3 m are much higher than those of large particles δC04 =

0.45⋅10−3 m. For example., the ratio of the axial pulsation-energy components is 
⎡
⎢
⎣

�uC1
′ uC1

′ �

�uC4
′ uC4

′ �

⎤
⎥
⎦r=0.091

 = 2.4 (Fig. 3,

curves 1 and 4), and that of the transverse components is 
⎡
⎢
⎣

�wC1
′ wC1

′ �

�wC4
′ wC4

′ �

⎤
⎥
⎦r=0.091

 = 10 (Fig. 4, curves 1 and 9). The reason

is that the rate of generation of the pseudoturbulent energy of particles i in interaction of the y–i fractions is propor-

tional to my
2 (penultimate terms of Eqs. (15), (16), and (18)). From Figs. 3 and 4 it is clear that the quantities

�wC1
′ wC1

′ � and �vC1
′ vC1

′ � differ little (Fig. 4, curves 1 and 2), whereas the ratio 
⎡
⎢
⎣

�uC1
′ uC1

′ �

�wC1
′ wC1

′ �

⎤
⎥
⎦r=0.091

 is equal to 4.9,

which speaks of the anisotropy of the field of pulsation energy of the dispersed phase.
Figure 5 illustrates the thermal state of the two-phase flow with a polydisperse composition of coke particles.

In the axial zone where the concentration of the coke is maximum (Fig. 1, curves 3, 5, 7, and 11), we have intense
oxygen burning (Fig. 5, curve 7), because of which the heat released from the coke particles exceeds (convective +

Fig. 3. Distribution of the axial component of the pulsation energy of coke
particles of diameter δC0: 1) 0.15⋅10−3 m, 2) 0.25⋅10−3 m, 3) 0.35⋅10−3 m, and
4) 0.45⋅10−3 m, of the ash 5) δash = 0.3⋅10−3 m, and of the turbulent gas en-
ergy 6) kg over the reactor cross section at the mark z = 6 for variant I.

Fig. 4. Distribution of the second moments of pulsations of the translational
velocity of particles over the reactor cross section at the mark z = 6 m for
variant I:  1) �wC1′ wC1′ �,  2) �vC1′ vC1′ �,  3) �wash′ wash′ �,  4) �vash′ vash′ �,  5)
�wC3′ wC3′ �,  6) �vC3′ vC3′ �,  7) �wC2′ wC2′ �,  8) �vC2′ vC2′ �,  9) �wC4′ wC4′ �, and 10)
�vC4′ vC4′ �.
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radiant) the heat removed, which ensures their efficient burning, whose intensity increases toward the flow axis. There-
fore, the coke temperature is higher than the gas and ash-particle temperature. Convective heat exchange becomes the
determining factor of thermal state of carbon particles near the wall (due to the growth in the temperature head
tj − tg), which leads to their cooling.

The reactor radius exerts a great influence on the distribution of the phase temperatures and the efficiency of
coke burning. For low R values (R = 0.1 m), we have a significant variation in the phase temperature along the radial
axis (Fig. 5, curves 1–6), whereas for high values (R = 0.9 m), the tg(r) and ti(r) plots are virtually constant in much
of the reactor cross section (except for the wall zone) (Fig. 6). It is noteworthy that the maximum of the function βj(r)
shifts from the axis to the wall region with increase in the channel radius (Figure 1, curves 3, 5, 7, and 11, and Fig.
7, curves 3–5, are compared). Here we observe an intense burning of the oxidizer (Fig. 7, curve 1), which contributes
to the formation of the maximum of the tg(r) and ti(r) curves in this region (Fig. 6b). This regime of combustion of
the polydisperse coke-ash mixture is hazardous, since for high ZO2

 and βj values in the peripheral zone, the tempera-
ture of the ash particles near the wall can turn out to be higher than the temperature of the beginning of softening of
the ash, which will lead to slagging of the reactor. One method of eliminating this hazard is to increase the ash con-
centration in the dispersed phase (Fig. 6a, curve 5).

Fig. 6. Distribution of the averaged phase temperatures over the reactor cross
section at the mark z = 7 m for variants II (a) and III (b): 1) tC3, 2) tC2, 3)
tC1, 4) tg, and 5) tash.

Fig. 5. Distribution of the averaged phase temperatures and the mass concen-
trations of O2 and CO2 in the gas mixture over the reactor cross section at the
mark z = 6 m for variant I: 1) tC2, 2) tC4, 3) tC3, 4) tC1, 5) tg, 6) tash, 7)
ZO2

, and 8) ZCO2
.

775



Figure 8 gives the calculated values of the phase temperatures and the correlations of second order of pulsa-
tions of the radial velocity and temperature of the dispersed phase for variant IV (second case). It is seen that the tem-
perature of the coke particles decreases with their size at all points of the reactor cross section. Near the flow axis,
the temperature of large and medium coke particles is virtually equal (curves 1 and 2). This is due, on the one hand,
to the intense burning, and on the other hand, to the influence of interparticle collisions on the residence time of par-
ticles of different fractions.

Figure 9 gives the profiles of longitudinal velocities of the phases and second moments of fluctuations of the
transverse velocity and temperature of particles. In the flow core, the particles lag behind the gas, and the larger the
particles, the higher their free-fall velocity; in the wall zone, the particles lead the gas: here, the interphase-interaction
force is negative and the suspension of the particles is related to their random motion.

Fig. 7. Distribution of the mass concentration of O2 in the gas mixture and the
volume concentrations of particles over the reactor cross section at the mark z
= 7 m for variant III: 1) ZO2

, 2) βash, 3) βC3, 4) βC2, and 5) βC1.

Fig. 8. Distribution of the averaged phase temperatures and the mixed correla-
tion moments of pulsations of the particle temperature and radial velocity over
the reactor cross section at the mark z = 6 m for variant IV: 1) tC3, 2) tC2, 3)
tC1, 4) tg, 5) tash, 6) �tash′ vash′ �, 7) �tC3′ vC3′ �, 8) �tC2′ vC2′ �, and 9) �tC1′ vC1′ �.

Fig. 9. Distribution of the averaged axial phase velocities and the second mo-
ments of pulsations of the particle temperature and transverse velocity over the
reactor cross section at the mark z = 6 m for variant IV: 1) ug, 2) uC1, 3)
uash,  4) uC2,  5) uC3, 6) �tC1′ wC1′ �,  7) �tC2′ wC2′ �,  8) �tash′ wash′ �,  and 9)
�tC3′ wC3′ �.
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It is noteworthy that the �tpi
′ wpi

′ �(r) plot has its maximum at the point r = 0.073 m (Fig. 9, curve 6). The

balance of the terms of Eq. (20) shows that the dominant role in the formation of the �tpi
′ wpi

′ �(r) profile is played by

the seventh 
βi�wpi

′ vpi
′ �∂tpi

∂r
, fifteenth 

βi�tpi
′ wg

′ �
τi

, and seventeenth 
6βiαΣi�tg′wpi

′ �

∂picpiδi
 terms of the right-hand side of the above

equation. Rapid growth in the �tpi
′ wpi

′ �(r) curve in the range 0.045 m < r < 0.073 m is due to the growth in the func-

tions �wpi
′ vpi

′ �(r), �tpi
′ wg

′ �(r), and �tg′wpi
′ �(r) and the decrease in the dependence tpi(r) in this zone. On the descending

portion 0.073 m < r, decrease in the function �tpi
′ wpi

′ �(r) is caused by the decrease in the tangential Reynolds stress

�wpi
′ vpi

′ � and the mixed correlations �tpi
′ wg

′ � and �tg′wpi
′ � in the interval in question.

Conclusions. The mathematical model given in this work makes it possible to obtain detailed information on
the aerodynamic structure, heat exchange, and combustion of the polydisperse ensemble of a coke-ash mixture in dif-
ferent cross sections of the reactor, which can be useful in designing such devices at the stages of engineering and
working design.

NOTATION

B, flow rate, kg ⁄ sec; C, concentration, kmole ⁄ m3; c, heat capacity, kJ ⁄ (kg⋅K); F, force, kg ⁄ (sec2⋅m2); G, gen-
eration of turbulent energy of the gas in the wakes of the particles, kg ⁄ (sec3⋅m); g, free-fall acceleration, m ⁄ sec2; H,
universal gas constant, kJ ⁄ (kmole⋅K); J, coefficient of turbulent diffusion, m2 ⁄ sec; K, coefficient of restitution; k, ki-
netic pulsation energy, m2 ⁄ sec2; L, reaction-rate constant, m ⁄ sec; M, number of fractions; m, particle mass, kg; N, fre-
quency of impacts, 1 ⁄ sec; n, number concentration of particles; P, gas pressure, N ⁄ m2; Pr, Prandtl number; Q, thermal
effect of the reaction C + O2 = CO2, kJ ⁄ kmole; R, channel radius, m; r, z, radial and longitudinal coordinates, m; S,
mass-exchange coefficient, m ⁄ sec; t, temperature, oC; u, v,  and w, averaged components of the velocity vector,
m ⁄ sec; U1, U2, and U3, coefficients; V, velocity vector; Z, weight fraction of the component of the gas mixture; α,
coefficient of heat exchange between the gas and the particle, kJ ⁄ (sec⋅m2⋅K); β, true volume concentration of particles;
δ, particle diameter, m; ε, pulsation-energy dissipation, m2 ⁄ sec3; η, kinematic viscosity, m2 ⁄ sec; μ, molecular weight,
kg ⁄ kmole; ρ, density, kg ⁄ m3; σ, empirical constant; τ, dynamic-relaxation time, sec; ψ1 and ψ2, coefficients, sec−1;
ω, parameter. Subscripts and superscripts: a, aerodynamic drag of a particle; ash, ash; col, collisions; g, gas; m, mean
value; n, normal; p, particle; t, pulsations; w, channel wall; τ, tangential; χ = 1–3 refer to O2, CO2, and N2; Σ, total
(radiant + convective) heat exchange (or the total frequency of collisions due to the random and averaged motion); 0,
initial conditions; 1, 2, 3, and 4, fraction numbers of coke particles; ′ , pulsation component in time averaging; ��,
time averaging.

REFERENCES

1. A. A. Shraiber, B. B. Rokhman, and V. B. Red’kin, Effect of different factors on coke combustion in a highly
concentrated polydisperse ascending flow, Inzh.-Fiz. Zh., 60, No. 2, 225–230 (1991).

2. B. B. Rokhman and A. A. Shraiber, Mathematical modeling of aerodynamics and physicochemical processes in
the freeboard zone of a circulating fluidized bed furnace. 1. Statement of the problem. Basic aerodynamic equa-
tions, Inzh.-Fiz. Zh., 65, No. 5, 521–526 (1993).

3. B. B. Rokhman and A. A. Shraiber, Mathematical modeling of aerodynamics and physicochemical processes in
the freeboard zone of a circulating fluidized bed furnace. 2. Interaction of particles (pseudoturbulence), Inzh.-
Fiz. Zh., 66, No. 2, 159–167 (1994).

4. B. B. Rokhman and A. A. Shraiber, Mathematical modeling of the aerodynamics and physicochemical processes
in the free board zone of a circulating fluidized bed furnace. IV. Heat and mass transfer and combustion, Inzh.-
Fiz. Zh., 67, Nos. 1–2, 32–38 (1994).

777



5. A. A. Shraiber, L. B. Gavin, V. A. Naumov, and V. P. Yatsenko, Turbulent Gas-Suspension Flows [in Rus-
sian], Naukova Dumka, Kiev (1987).

6. B. B. Rokhman, On the equations of transfer of the correlation moments of dispersed phase velocity pulsations
on the stabilized portion of an axisymmetric two-phase flow. 1. Equations for second moments. Algebraic rela-
tions for third correlations, Prom. Teplotekh., 27, No. 3, 9–16 (2005).

7. B. B. Rokhman, Two approaches to closing the equations of momentum and heat transfer in turbulent chemi-
cally reactive gas-dispersed flows on the stabilized portion of an axisymmetric channel, Inzh.-Fiz. Zh., 80, No.
6, 90–101 (2007).

8. B. B. Rokhman, Calculation of a turbulent monodisperse flow in an axisymmetric channel, Inzh.-Fiz. Zh., 81,
No. 5, 844–855 (2008).

778



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [594.000 792.000]
>> setpagedevice


