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1.     

 ( )   ( )   

   .      

    .     ,   

        .  

   (  , , 

,  /   )   

  ,      /  

   (    -

 ,    , ,   

  ). 

  :    ; ;   

( , - , );     ( , 

,  );    ( , , , 

-    .).     

       40%  60%.  

      :  – ,  – 

,  – ,  – ,  – ,  – 

. 

   (   5–15%):   

 (   );  ;    

;  ; ;   .    

 –  (   40–60%)      

, , ,   . 

       , 

     (    

, , , ,   .).   ,  , 

   0.5–5%. 
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       ,  
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,  , , .  , 

         

     [1,2].  [1], 

       1.2 ∙  (  

   100 -1).      

     .    

   .     

     ,   .  

       

 [2,3]. 

 . 2.1         

    .   

,     (Pulverisette 14),  

   .       

 (AIBOTE ZNCLBS-2500-350)   

.       

 Brookfield DV3T. 

 

. 2.1.  (  –  ,  –  ,  – 

)         

 -      ( ) 

 

     , . . 

        ( . 2.1, ). 

     .  

    ( )    
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,       

  .      

( ,   . ),    

         [4].  

,        

     -   

  (  ).       10–

100 
-1

      1040.72  157.06 ∙ . 

        

 -    ( )    ( ).   

  4676.36  453.22 ∙       4066.97  631.66 ∙   

 .   ,    

     -   .  

     ,    

   2%.        

-    ( ).     15.7%. 

    -    ( )  40%  

60%       170–1400 ∙ .  

         

   . 

        

        .  

       

        

.    5%    492.5 ∙ , 

         

     [1].     

         

  .        

      (7 ). 

        

  .     
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   ,     (   

 80, 100  140 )      

(    100 -1     180–274 ∙ ). 

      (   100  

140 )         «  

  (   140 ) 15%,    (   100 ) 

35%,  50%» (   202 ∙ ).   

  «    (   140 ) 25%,   

(   100 ) 25%,  50%». 

        

       (   )  

   .    

   2.5–10%. ,    

   (12063.69–396.12 ∙ )  , 

 10% .    100 -1
    

 ,       

    . 

 

3. я    

 . 3.1     ,  

        

( )   ( )  . 

 

. 3.1.    : 1 –   

( ); 2 – ; 3 – ; 4 –  ; 5 – 

 ; 6 –   ; 7 –  
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; 8 –   ; 9 –   ; 10 – 

  ; 11 –  ; 12 –    

  

 

  ,     

     . 2  .  

   (   ) 

         

 .  ,    ,  

   .    

  .    

      «TОЦК 

AЮЭШЦШЭТЯО»      ,   

    (  ),    

   (   )  . 

     . 3.2. 

 

 

 

. 3.2.        
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  ,  .    

       

 .       1  8 ,  

      3.44–15.12 / .  

       , 

        

       ( . 3.1). 

 

. 3.1.      ,  

        

   We  Re     We  Re  

-     35%, 
 61%,  4% 

571.9 29.8 -     50%, 
 47.5%,   

2.5% 

399.8 14.4 

-     50%, 
 50%,   5% 

861.8 

 

32.2 -     50%, 
 40%,   

10% 

572.4 5.32 

-     50%, 
 50% 

354.8 29.7 -   40%,  60% 390.4 85.6 

-     37%, 
 61%,  2% 

477.2 27.7    40%,  60% 442.9 56.8 

  40% (80 ), 
 60% 

384.6 57.2    50%,  50% 479.4 55.9 

  40% (100 ), 
 60% 

418.7 37.3    45%,  55% 530.1 56 

  40% (140 ), 
 60% 

402.7 45.1 -     60%, 
 40% 

 
 

 

4. я    

     

(   )       

       , 

    (    ,   

    ).       

   (LОТЬЭОЫ LHS 61,   

   700 ° )       

(LОТЬЭОЫ RШЛЮЬЭ     20 °   1200 / )   
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    .   

        

,           

0.2      .      

      

-15  (  15 ,   30–100 ).    

         12 18 10   

        5.5   

 2 .      

    NКЛОЫЭСОЫЦ R 50/250/13 (   

1300 ° ),        . 

           

   . 

 ,        

     Phantom Miro C110 (915 

   ( / )  1280 x 1024;   12 ;  

 – 1.3 ).       

1000      512x512 .   

      

 PСКЧЭШЦ CКЦОЫК CШЧЭЫШХ.     

   ,   ,    

   .   

    0.001   0.025 , .  

        . 

        

      

         

  :   ,    

,  ,   .    

            

     (    ).  

   ,    
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    :     

,   ,       

   (  ).    

         . 4.1. 

 

. 4.1.         

         

 

      : 

1 – -   50 %,  50%, 2 – -   50 %,  45%,  

 5%, 3 –   50%,  50%, 4 –   50%,  45%,   

5%, 5 –   40%,  60%, 6 –   60%,  40%, 7 –   50%,  

40%,   10%, 8 –   38%,  60%,   2% , 9 – 

  36%,  60%,   4%, 10 –   50%,  49%,  

1%, 11 –   50%,  49,75%,  0,25%, 12 –   50%,  49,75%, 

TWEEN 80 0,25%, 13 –   50%,  48,4%,  1.6%, 14 –   50%, 

 45%,   5%, 15 –   50%,  45%,   5%, 

16 –   50%,  45%,   5%, 17 – -   50%,  

45%,   5%, 18 – -   50%,  45%,   
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5%.        80–140   

 :   50%,  50%. 

 ,      

    ,   . - , 

           

  .      

       

  . - ,        

             

  - . - ,       

  .   ,  , 

    .   , 

     .    

  (  900 ° ). - ,     

      :   ,   

 . - ,        

(       )  

     (    

            

). - ,        

,      

      . 

      

          

          

( ).       

   , . .   .  . 4.2 

      S1/S0  

          

    : 1 –   50%,  45%,  

 5%, 2 –   50%,  45%,  5%, 3 –   50%,  45%, 

  5%. 
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. 4.2         

 S1/S0        : 1 –  

 50%,  45%,   5%, 2 –   50%,  45%,  5%, 3 – 

  50%,  45%,   5% 

 

       

     .  ,  

       

.      

        

  (250–900 ° )     ,  

          

   . 

   ,   , 

     .    

      .    

      

           . 

   ,      ,  

          

,    .    

   (   )  

    ( )    
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(  ,       ).  

   ,        

(        

  ),      

   (    )  

      

     80     (  

  ),     

   -  ,   

 .      

      , 

   ,      (  

    )      

 -    (     

),      .  

        

       ,   

 ,      

  -      

  ,  . 

        

( . 4.1)  (   ,  , 

 ,   , )  

      

    (     ) 

 ,       

  ,      

    -  

  . 

     

 .    (   

)     ( . 4.3)  -
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      (600–1000 °C) 

   ,       

( . 4.3)   . 

 

. 4.1.   ,    

        

 
 , 

/  

 , 
/  

1  (  ) 
 46.4 26.4 

  34.6 22.4 

 29.4 18.8 

2  (       ) 
 26.4 37.0 

 17.6–21.3 26.4–30.9 

3  (       ) 
 3.1 22.1 

  3.3 19.0 

4  (  ) 
 0–2.6 47.4–50.8 

 0 25.4 

  1.6 24.8–25.9 

  2.7 28.6–30.3 

  0–2.1 28.4 

 

 

 

 

 

 

 

 

 
 

 

  -  

. 4.3.   ,    

 -      

  

 

       

       

https://www.multitran.com/m.exe?s=%D0%B0%D0%BC%D0%B8%D0%B4+%D0%BC%D1%83%D1%80%D0%B0%D0%B2%D1%8C%D0%B8%D0%BD%D0%BE%D0%B9+%D0%BA%D0%B8%D1%81%D0%BB%D0%BE%D1%82%D1%8B&l1=2&l2=1
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   ( . 4.3)    

 : 

I.       .   

  ,     ,   

 . 

II.         .  

     ,   

  ,   .  

       ,   . 

4.1: ;      ; 

     ; .  

        (  

  ,   . 4.1:  1 +  2;  1 + 

 3;  2 +  3;  2 +  4;  3 +  4). 

III.      .   

      , 

   .     (   

)  ,    

   (    ,   . 

4.1:  1 +  4;  1 +  2;  2 +  4). 

IV.      -  . 

       

 ,    .    

  ,   

 (   ,   . 4.1:  1 +  4). 

 ,        

  ,    

 ,       -

 .       

     -    

    .  ,   

 ,     
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      -   

      ,  

    ,      

  ( , ),  –  ( , , 

,      ). 

 

5.    

    ( . 5.1)   

       

 .     ,   

   (   ,    .), 

 1×0.5×0.6 .       .  

      

 ,     Д5].  

      .   

       

     .  

 

       

 5.1.   ( )   ( )   (1 –   

  ; 2 –  ; 3 –  

   ; 4 – ; 5 –  ; 6 – 

 ; 7 –     ; 8 – 

 ; 9 –  ; 10 – ; 11 –  

   ) 
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«Multiled PT-V9 GS Vitec» (   – 24;   – 7700 

;  – 84 ,   – 30º).   

    «Phantom MIRO M310»  

«Photron MINI UX100» (   – ;  

 1280×800 .;    – 6.5·105
   

;    – 12 ). 

    ( . 5.2):   , 

      ,  .   

     ,  

   .     

      «DaVis»    

 LIF  .         

  «Actual Flow»,    «Shadow 

Photography»  «Particle Image Velocimetry».    

      : 

  – 0.11 / ,   – 0.0083 ,    

– 0.8º. 
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. 5.2.      :  – 

  ;  –      ;  – 

  ;  –   

 

      : 1 – -   

40%,  60%; 2 – -   50 %,  50%; 3 – -   60 %,  40%; 

4 – -   50 %,  45%,   5%; 5 – 18 – -   40%, 

 55%,   5%, 6 –   50%,  50% (    

         80–140 ). 

       

 ,      

  . 

,         

 0.015–0.6 . ,      

   0.25–2       

 (  30–50%    4    70–210%    

8 ),           2–60%. 

,           40–

60%        11%.   

    (   80–140 )   , ,  

      5%.      

 (0.054–0.056 )      (3  5),  
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 (0.023–0.024 ) –   6    140 . 

,        

(0.25–2 )    (4–8 )     

  39–63º.   -        

(  1-3)         ,  

  6           

 8–10º.        

  4  6 (   – 140 ),  –   5. 

,           

       1–7º 

(       4    

   0.25 ,  –  8   1.5 

).        ,  , 

         2–6%. 

   ,     

        

  8       1.5 . 

        

   0.25      

 4–8 .       

  (11–13 / )    3, 4, 5  6 (  

 120 ),   (5–6 / ) –   1.   , 

     (  )    

    1.5–2    . 

       

 (  ),   

     (      

      ).   

        

  [6],        

    ,    

   ,      . ,  
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     (0.024–0.026 ),     

      

  :    20 /  –2–2.1 ;  15 /  –1.6–

1.8 ;  10 /  –1.4–1.5 ;  5 /  –1.1–1.2 .    

    . 

 

6.        

  

       

   : (1) -     50%,  

50%; (2) -     50%,  45%,    

5%; (3) -     45%,  50%,  5%; (4) -   

  45%,  50%,   5%. ,    

   ,      

   .  

     . 6.1. 

   ( . 6.1, )    ,  

       . 

       . 

       

 ,     . 

      H2 ( . 6.1, ). 

         H  OH  

 .      .   

      2   

  . ,   900 °   

        . 

    (  800 ° )    

,      2.     

 2 ( . 6.1, )  H4 ( . 6.1, ).     

        , 

  800 ° .      
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  .     

: H4+H2O→CO+3H2 (t≥800 ° ), H4 →C+2H2 (t≥900 ° ).   

      .  

 

. 6.1.     CO2 ( )   ( ),  2 

( ),  4 ( ),   SO2 ( )    NOx ( ) 

 

      . 

         

  9  33 %    .  

      ,   

 -   .     

      ,   

     NOx   SO2  . 

           

  .    ,   

  ,      5  ,   

,  NOx   19–28%    ,   

30–36%     ( .6.1, ).   CКO, MРO  

Fe2O3         ,   

  850 °     NO   

 NO+ →1/2N2+CO2  NO+ 2→1/2N2+H2O.   NO 

c H2        



25 

 

 2 ( . 6.1, )    .  H2   

  NO,         

 ,        . 

        

        (K, Ca, Mg, Na) 

(t≥850 ° ).       , 

            .  

   ,    ,   

 SOx     ( . 6.1, ).  

        (  

10538-87).    . 6.1. ,  , 

      ,    

   Fe, Ca, Mg.      

  SO3 (     ).  

    S  ,    

    , ,  ,  SO2  

 .   CaO  MgO    

         

       . 

 

. 6.1.     

  SiO2, 

% 

(Al2O3+ 

TiO2), 

% 

Fe2O3, 
% 

SO3, 

% 

CaO, 

% 

MgO,

% 

, 

% 

9
5
%

 

(
-

 
 

, 
) 5%  64.3 20.8 5.4 1.0 2.8 1.8 96.0 

5%   62.5 20.4 5.8 1.4 3.4 2.4 95.9 

5%  
 

63.7 19.7 5.7 1.8 3.3 1.9 96.1 

 

7.   я   

 

       

 ,        

( . 7.1).         
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  .       

 -  5  ,    

      [7–11].     

    , , 

, ,  ,  , . 

  ,     ,   

   ,  .   

  300 .     .    

       Ug (0.5–3 / ). 

 

. 7.1.         

: 1 –   , 2 –   

 

        

    .  

        

,   Д12Ж.      

 Ansys Fluent    [12Ж.   

        

 L=10·10-3
 , H=30·10-3

 . 

 . 7.2       

. ,         

    .      

    .       

   . 
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. 7.2.     ,    

  ,         

(      ) 

 

       

 .     ,   

        ( , 

  )   ,      

   .     

 (  . . Ansys Fluent)      

       . 

       

   ,    

   (   ,  

       ).    

     ,   Ansys Fluent  

        

           

 Д13Ж        

       . 

 

8.     

       

 ,      

.       

 [14],         , 
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 .     (weight sum method) [15], 

       

.      . 

  ,    . 

8.1.     

    (    ,   

.)         

(4.67 c)   «50%   , 45% , 5% » 

        700 ° .   

 (45 )   «50%   , 45% , 5%  » 

      300 ° .  

  S1/S0=40.08     «50%  

, 45% , 5%  »      550 °   

  2 / .      -   

           

      . 

       

   (       

   S1/S0)    0.5.  

      ,   

  (0.766)   «50%    

, 45% , 5%  »        

550°    2 / .      

 «50%    , 45% , 5%  »    

  300 ° . 

        

(0.723)   «49.9%   , 0.1%  , 50% » 

 800 °C.        (0.185) 

  «50%  , 45% , 5%  »  600 ° . 

8.2.    
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 ,     

      ,   

 (0.468)   «40% -    , 5% , 55% 

».   (0.688)   «50%    

(140 ), 50% ». 

      

 (   )       

  .   ,    

 .      . 

  ,   

/    « »  ( . . 

).        

 «50% -    , 50% »,    

  – «50% -    , 40% , 10%  

».  ,     

 ,        

       0.5.   

      «50% -    

, 40% , 10%  ». 

8.3.      

  (106.891 ∙ )     100 -1
 

  «40% -    , 60% ».  

   «45% -    , 47.5% , 5% 

, 2.5%  ».       

    .  «50%   , 49% , 1% 

»  .      

   (      

)    0.5.    

(0,.87)   «40% -    , 60% »,  

 (0.440)   «50%   , 49% , 1% ». 

8.4.      
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  (2.06%)    «50%  , 50% 

».    (16.44 / )    

(  1092 ° )   «50% -  , 35% , 15%  

».   (≈380 °C)     (  4.8 

  700 ° )   «50%  2 (80 ), 50% ».  

       

      . 

         

,        

 0.2.  «50%  2 (80 ), 50% »   

(0.908)     .   (0.500) 

  «60%    , 40% ». 

8.5.   

  CO2 (3.16%)  CO (1669,414 ppm)  

   «50% -    , 50% »; H2 (3521.513 

ppm) – «60% -  , 40% »; SO2 (88 ppm) – «45% -    

, 50% , 5% »; NOx (169.33 ppm) – «45% -    , 50% 

, 5%  ».      900 ° . 

         

      . 

      

        

  0.2.  «50% -    , 50% » 

     (  0.876).   

 (0.604)   «50% -    , 45% , 5% 

 ». 

8.6.     

       

    (     

 ,      ): 

1.  ( ); 
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2.  :    (  ); 

 (  );    ( ); 

  ( );   (  ). 

3.  :  NOx    

( );  SO2    ( );  

CO2    ( );  CO    

( );  H2O    ( ). 

4.  :  ( );  

( ). 

5. :     ( );   

( );    ( ). 

6.   :      

( );     S1/S0 ( ). 

   ,     

 ,   ,  

 .      : 

1.      .    

      (x1, x2, 

x3…x6)     (a1, a2, a3…a6): 

1 1 2 2 3 3 4 4 5 5 6 6D a x a x a x a x a x a x      . 

2.   .      

   0.5     

 .      

   (  0.1). 

        

 (0.621)   «50% -    , 

50% ». 

  (0.708)     –  

«50% -    , 50% ». 

  (0.708)      

 –  «50%  2 (80 ), 50% ». 
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  (0.723)    

    –  «50% -    , 50% 

». 

  (0.703)      

 –  «50% -    , 50% ». 

  (0.461)     

 –  «50% -  , 50% ». 

  (0.610)    

    –  «50% -    , 50% 

». 
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   ( , ,   

 ,   ,   , 

   .)     , , 

,  ,    ;  

  ,  ,  

( , ,  ,  ,  

 ,  ,      .); 

  (  ,  , 

   .)   (  ,  

,   ,    .). 

 4       

   ,    Web of 

Science  Scopus.    ,      

,    ,  .   

        4 . 

       90.1 %. 
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